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Helping all people 


ADVERTISEMENT 


The History and Achievements 
of the School of the Gifted Young 


Getting a place at the school is, as expected, highly competitive. Com- 
pared with students at China’s elite universities, such as Fudan or Tsinghua 
University, Chen estimates that 50% of the SGY scholars would be con- 
sidered to have “excellent” academic performance. (When compared with 


China’s standard universities, Chen says 90% would be classed as such.) 


Currently, there are three types of admission processes at SGY, which 
depend on a student’s age. The “Special Class for the Gifted Young,” for 
which the school was founded, recruits students under the age of 16. 
Each year around 3,000 remarkably bright students apply to this class. 
The admissions process includes a review of the students’ university en- 
trance exam scores as well as campus tests and one-on-one interviews. 
Starting in 1985, a second class type was created, the “OO Class,” to select 
the most promising students from USTC’s newly enrolled freshman, who 

are typically 18 or older. The third type, the “Innovation 
Class,” 


admissions process. It is open to Grade 11 stu- 


began in 2010 and uses an entirely different 
dents, aged 16 to 17, who are recommended 
by their high school headmasters and pre- 
evaluated before they take the gaokao, or col- 
lege entrance exam. SGY’s unique admission 
processes increase the diversity of the student 


population and provide exce 


ptional students 


several different ways to join the school. 


A big draw for students and parents alike is SGY’s unique teaching model. 
Since it was founded, SGY has crafted a high-requirement curriculum and 
flexible educational system that sets it apart from other academic institu- 
tions. One of the biggest differences—and one that is particularly suited 
to younger minds—is the delay in choosing a major. In their first year at 
SGY, students take a broad set of courses encompassing math, physics, 
chemistry, engineering, and English language. Only at the end of their 
freshman year are they asked if they are ready to choose a major. 

“We encourage students to study what they’re interested in,” says Chen 
“Not to think ‘which major will make money, but to find their motivation 
and passion. If the student still doesn’t know what they want to major 
in, they can create an ‘individualized study plan.” This seemingly simple 
accommodation allows sufficient time for the students to discover their 
true interest—something that can be intimidating or perplexing in the 
crowded high school education system, when most students in China de- 
cide. “SGY values students’ individuality and expects students to achieve 
their full potential,” Chen adds. 


This transition year enables students to enter into regular university 


life with confidence and ease. Chen explains that when SGY students 
merge into the greater student body at USTC, they are often in the top 
10% of their classes, despite the age difference. When the prominent 
alumni, Xiaowei Zhuang, who is now a professor at Har vard Unive rsity, 
applied to the graduate school at Berkeley there was a misunderstanding 
with her academic transcript. “Berkeley called us to confirm, because her 
full marks 


score was 100. and they thought it was fake,” Chen laughs, 


adding: “She was one of the best students and younger than the other ap- 
plicants by three years.” 

The SGY students’ relative youth does not pose a barrier for their aca- 
demic performance, however. SGY’s staff provides counseling to help stu- 
dents smoothly adapt to college life, while a busy 60-hour week keeps the 
students engaged. Though teaching standards are high, it is the students 
themselves who push their achievements beyond expectations, Chen says. 
“All the students feel honored to be here, hes says, adding that because the 


students have 


skipped years in high school, their confidence is reinforced. 
“They believe that because our school is special, they should work hard. 


They are self-disciplined and try their best,” he says. 


CREDIT: ALL PHOTOS PROVIDED BY USTC 


Student Champions in the 2012 USTC Sports Meeting 


Accomplished Alumni 
Though the School of the Gifted Young is still relatively youthful itself 
having been founded just 34 years ago—turning bright minds into leaders 
is something in which the school has long excelled. A brief glance at the 
achievements of former students, many of whom are prominent figures in 
diverse fields, attests as much. Of the 2,000 alumni (90% of whom went 
on to achieve either Master’s or Ph.D. degrees), over 200 are now pro- 
fessors at the world’s most accomplished institutions, including Harvard 
University, Yale University, the Massachusetts Institute of Technology, 
Princeton University, the University of Birmingham and, also, China’s 
finest schools such as Beijing’s Tsinghua University and Shanghai’s Fudan 
University. 

Former SGY pupils are fre- 
quently the recipients of the 
most prestigious awards in 
science and technology fields. 
In 2012, 
Zhuang (of Harvard Univer- 


alumni Xiaowei 
sity) and Liqun Luo (of Stan- 
ford University) were elected 
as academicians of the U.S. 
National Academy of Scienc- 
es. Other SGY alumni have 
become fellows at IEEE, the 
Optical Society of America, 
and the American Physical So- 
ciety and have received early 
career awards such as the Al- 
fred P. Sloan Fellowship, the 
National Science Foundation Career Award, and the Presidential Early 
Career Award for Scientists and Engineers (PECASE). 

Moreover, many alumni have become leaders in industry, commerce, 
and finance. For example, Yuanlin Guo, who enrolled in 1978, is today 
vice president of Tsinghua Unisplendour Corporation Limited. Twenty 
percent of SGY’s alumni are today employed on global financial trading 
floors, including over a hundred on Wall Street alone. 


18-Year-Old Students Attending the 2010 
“Adult Ceremony” in Jiangdu, China 


Group Discussion During an 
Open Laboratory (2010) 


SGY Building 


Creating the Leaders of the Future 
To attain positions of such prestige, young people need more than just 
robust intellect. This is something Yang Chen and the teachers at SGY 
understand well. “Since I started here, my goal has been to prepare stu- 
dents to become the future leaders in different fields and professions,” 
says Chen. “The key to becoming a leader is learning how to work in 
teams. The most valuable part of SGY is the students themselves. We ex- 
pect the students to teach and learn from each other and to work in close 
cooperation.” 

To assist with the students’ social development and to ensure they re- 
ceive a well-rounded education, SGY offers a number of opportunities 
outside the academic realm. Students are highly encouraged to participate 
in many types of outreach and volunteering programs, including helping 
children with disabilities, teaching in high schools, and protecting the en- 
vironment, so they can learn about social responsibility. “During winter 
and summer breaks, the students volunteer in rural parts of China where 
educational resources are 
deficient,” says Chen. “To 
become the leaders of the 
future, students need to 
gain a better understand- 
ing of social issues, accept 
heavier responsibilities, and 
return more to society.” 

In the future, Chen and 
colleagues are determined 
to maintain a high standard 
of education and have their 
teaching methods naturally 
evolve to fit the times. “Go- 
ing forward, we would like 
to learn how to better ac- 
the 


needs and reform the edu- 


commodate students’ 
cation system,” Chen says. “Students today learn a lot from the Internet, 
which is very different from when I was a student. So many staff mem- 
bers, including myself, are exploring new ways to teach this next genera- 
tion. It used to take 20 years for a new generation to form, now I think 
it is closer to five years,” he adds. “Things are different today.” Though 
that may be true, there is no doubt that SGY will 
themsely 


just like the students 
es—be well ahead of the curve. 
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Pervasive Externalities at the Population, 
Consumption, and Environment Nexus 
P.S. Dasgupta and P. R. Ehrlich 

Challenges posed by the economic 
consequences of population growth and 
consumption require collective action. 
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Near-Field Interference for the 
Unidirectional Excitation of 
Electromagnetic Guided Modes 

FJ. Rodriguez-Fortuno et al. 

Near-field interference can be used 
to control the directional propagation 
of electromagnetic excitations. 


356 


Polarization-Controlled Tunable Directional 
Coupling of Surface Plasmon Polaritons 

J. Lin et al. 

Control over the generation and propagation 
direction of light-induced surface plasmons 
in a thin metal film is demonstrated. 

>> Perspective p. 283 


External Quantum Efficiency Above 100% 
in a Singlet-Exciton-Fission—Based 
Organic Photovoltaic Cell 

D. N. Congreve et al. 

Single photons are shown to propel more than 
one carrier in a carbon-based solar cell. 
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Multicompartment Mesoporous Silica 
Nanoparticles with Branched Shapes: 
An Epitaxial Growth Mechanism 

T. Suteewong et al. 

A one-pot synthesis method furnishes 
mesoporous silica nanoparticles with 
both cubic and hexagonally structured 
compartments. 
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Reorganization of Southern Ocean 
Plankton Ecosystem at the Onset 

of Antarctic Glaciation 

A. J. P. Houben et al. 

The Southern Ocean plankton ecosystem 
underwent an abrupt and profound 
reorganization in the earliest Oligocene. 


Global Charcoal Mobilization from Soils 
via Dissolution and Riverine Transport 
to the Oceans 

R. Jaffe et al. 

A larger-than-assumed fraction of charcoal 
produced by wildfires leaches out of soils 
and is transported to the oceans. 
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Resilience and Recovery of Overexploited 
Marine Populations 

P. Neubauer et al. 

Current fish harvests and low fish levels make 
fishery recovery improbable for most of the 
world’s depleted stocks. 


A KRAB/KAP1-miRNA Cascade Regulates 
Erythropoiesis Through Stage-Specific 
Control of Mitophagy 

|. Barde et al. 

Protein- and RNA-based transcriptional 
regulation governs the removal of 
mitochondria during red blood cell 
differentiation. 


The Helicase-Like Domains of Type III 
Restriction Enzymes Trigger Long-Range 
Diffusion Along DNA 

F. W. Schwarz et al. 

A bacterial enzyme that cuts DNA uses a few 
adenosine triphosphates to allow it to scan 
across thousands of base pairs. 


Structural Basis for Kinesin-1:Cargo 
Recognition 

S. Pernigo et al. 

The structure of a portion of a molecular motor 
complexed to a cargo peptide provides a 
close-up view of the interaction. 


Actin-Propelled Invasive Membrane 
Protrusions Promote Fusogenic Protein 
Engagement During Cell-Cell Fusion 

K. Shilagardi et al. 

An inducible Drosophila cell-fusion 
system reveals the interplay between 
cellular fusion proteins and actin-driven 
membrane remodeling. 


Bat and Rat Neurons Differ in 
Theta-Frequency Resonance Despite 
Similar Coding of Space 

J. G. Heys et al. 

Stellate cells in the entorhinal cortex of bats 
and rats show significant differences in their 
electrophysiological properties. 
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Representation of Three-Dimensional Space 
in the Hippocampus of Flying Bats 

M. M. Yartsev and N. Ulanovsky 

The spatial firing properties of neurons were 
recorded in bats during flight using a wireless 
neural-telemetry system. 
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Developmental Decline in Neuronal 
Regeneration by the Progressive 
Change of Two Intrinsic Timers 

¥. Zou et al. 

Reciprocal signals promote axon 
regeneration in young worms and repress 
axon regeneration in older worms. 
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A Neural Marker of Perceptual 
Consciousness in Infants 

S. Kouider et al. 

The brain mechanisms underlying 
conscious perception are already present 
in infancy and improve with age. 
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<< Controlling Light 
Propagation 


Surface plasmons are light-induced collective electronic excita- 
tions in a metal that offer the possibility of manufacturing op- 
toelectronic devices at nanometer scale. Before such shrinking 
can be achieved, the propagation direction and lifetime of the 
plasmonic excitations have to be controlled (see the Perspective 
by Miroshnichenko and Kivshar). Rodriguez-Fortuio et al. 
(p. 328) show how this is done using polarized light. Alterna- 
tively, using an array of metallic nanoantennae (in this case, 
slits) patterned into a thin gold film, Lin et al. (p. 331) present 
a further improvement on current plasmonic coupling schemes 
that has the potential to encode information contained in both 


CREDITS (TOP TO BOTTOM): F. J. RODRIGUEZ-FORTUNO; KIM TAYLOR/WARREN PHOTOGRAPHIC 


Sticky Responses 


A textbook example of an unaccounted-for 
consequence (externality) of commercial or 
industrial activity is the production of pollutants 
where neither the producer nor the buyer bears 
the cost of using common environmental re- 
sources. Dasgupta and Ehrlich (p. 324) offer a 
theoretical analysis of externalities in two other 
areas of modern life—human fertility and ma- 
terial consumption. For example, when fertility 
decline lags mortality decline, the consequence 
could be environmental crash, the likelihood of 
which is greater if the environmental effects of 
consumption or population growth are external 
to the market. 


Tuning Mesopores 


Porous materials are of interest for catalysis 
and filtration because the open channels lend 
themselves to separating materials or function. 
Suteewong et al. (p. 337) report on a method 
to make branched mesoporous silica nanopar- 
ticles that contain cubic (core) and hexagonally 
structured (branch) parts within one particle. 
Controlling the extent of the branched structure 
is achieved by tuning the concentration of addi- 
tives in a simple, one-pot reaction system. 


Dissolving Charcoal 


Biomass burning produces 40 to 250 million 
tons of charcoal per year worldwide. Much 

of this is preserved in soils and sediments for 
thousands of years. However, the estimated 
production rate of charcoal is significantly 
larger than that of decomposition, and 

Jaffe et al. (p. 345; see the Perspective by 
Masiello and Louchouarn) calculate that a 
large fraction of the charcoal produced by fires 
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is lost from the land through dissolution and 
transport to the oceans. 


History Matters 


Fishery-induced mortality is not the sole driver 
of fish population dynamics, and shifts in popu- 
lation abundance are also subject to ecological 
impacts. In a meta-analysis, Neubauer et al. 
(p. 347) showed how some fish-stock recoveries 
have been slower than theoretically predicted. 
They discovered that a species’ exploitation his- 
tory is also an important predictor of recovery. 
The data indicate that even extreme limitations 
in harvest pressure may not allow for the timely 
recovery of collapsed stocks. 


Sliding Restriction 


Helicase enzymes access the genetic informa- 
tion stored in double-helical DNA and RNA by 
opening the individual strands. Pseudo-helicases, 
including bacterial Type III restriction enzymes, 
use adenosine triphosphate (ATP) hydrolysis to 
communicate between two distant restriction sites 
on the same DNA and excise it only if the DNA 

is sensed as “foreign.” Schwarz et al. (p. 353) 
show that the bacterial Type III restriction enzyme, 
EcoP151, undergoes an ATP-dependent conforma- 
tional switch that promotes sliding along the DNA 
to allow the enzyme to localize to its target. 


Turn Off Youth 


Our neurons regenerate better when we are 
young than when we are more mature. Studying 
the mechanosensory anterior ventral microtu- 
bule (AVM) neuron of the nematode Caenorhab- 
ditis elegans, Zou et al. (p. 372; see the Per- 
spective by Nix and Bastiani) found that worms 
lacking microRNA machinery had unusually 


the intensity and polarization of light. 


robust axon regeneration and youthful-looking 
growth cones. Under- and overexpression of 
let-7 microRNA confirmed its involvement in 
depressing axon regeneration. 


Bats, Grids, and Oscillations 


Nearly all animals move around in a three- 
dimensional (3D) world; however, very little is 
known about the neural circuitry underlying the 
representation of 3D space (see the Perspective 
by Barry and Doeller). Using whole-cell patch 
recordings in slices of 
entorhinal cortex, Heys 
et al. (p. 363) found 
that bat entorhinal stel- 
late cells must generate 
grid patterns without 
theta-frequency oscil- 
latory mechanisms. In 
another study, Yartsev 
and Ulanovsky 

(p. 367) used telemetry 
to record activity from the hippocampus of bats 
while they were flying around. They found that 
active pyramidal cells—or place cells—in hippo- 
campal area CA1 fired in positions, depending 
on where the animals were in the room. 


Consciousness Arrives 


Neurophysiological measures in human adults 
correspond to the transition between very brief, 
“unnoticeable,” and slightly longer-lived visual 
stimuli that penetrate deeply enough to leave a 
conscious imprint that subjects report they can 
“see.” Kouider et al. (p. 376) have performed 
parallel behavioral and neurophysiological 
studies in infants to identify a similar neural 
signal that appears to mark the development of 
visual consciousness. 
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Bruce Alberts is Editor- 
in-Chief of Science. 


Prioritizing Science Education 


THIS SPECIAL ISSUE OF SCIENCE EXPLORES “GRAND CHALLENGES IN SCIENCE EDUCATION,” A CRITICAL 
set of the problems and exciting opportunities now facing science education ona global level. 
The 20 Challenges, addressed by a team of education experts, range from “Enable students to 
build on their own enduring, science-related interests” to “Shift incentives to encourage educa- 
tion research on the real problems of practice as they exist in school settings.” Here I propose 
three additional Grand Challenges. These focus on harnessing the wisdom of teachers, helping 
the business community promote new directions in precollege science education, and—last 
but not least—catalyzing major changes in the way we teach college-level science. 

From my many close contacts with outstanding U.S. teachers, I have come to deeply appre- 
ciate their wisdom. They uniquely understand today’s 5- to 18-year-old students and have many 
valuable suggestions for improving education systems. I am also painfully aware of the many 
past failures that have been caused by not giving the best teachers a 
strong voice in the public policies that profoundly affect their pro- 
fession. In the 1980s, the Japanese taught the world that building a Poca 
better automobile requires listening to workers on the assembly line. 
More generally, experience shows that actively soliciting advice from 
those most intimately involved is essential for wise decision-making 
at higher levels. Regrettably, education is one of the few parts of U.S. 
society that fails to exploit this fact. Hence, my initial Grand Chal- 
lenge: “Build education systems that incorporate the advice of out- 
standing full-time classroom teachers when formulating education 
policy. “ A start has been made,* but much more remains to be done == 
(see the Perspective by B. Berry on p. 309). —. 

To be competitive in the global economy, businesses need to be able 5 
to hire workers who can “think for a living.” More specifically, studies 
reveal that the private sector seeks employees who can apply a capac- 
ity for abstract, conceptual thinking to “complex real-world problems— including problems 
that involve the use of scientific and technical knowledge—that are nonstandard, full of ambi- 
guities, and have more than one right answer.” These employees must also have “the capacity 
to function effectively in an environment in which communication skills are vital—in work 
groups.”+ Achieving the revolution in U.S. science education that is called for in the Next Gen- 
eration Science Standards released last week$ would go a long way toward creating the type 
of high-school graduates that the private sector needs (see the Perspective by R. Stephens and 
M. Richey on p. 313). Business leadership in the United States often fails to advocate for wise 
education policies, despite its potential for influence. Hence, my second Grand Challenge: 
“Harness the influence of business organizations to strongly support the revolution in science 
education specified in the Next Generation Science Standards.” 

Several years ago on this page, I pointed out that, “Rather than learning how to think scien- 
tifically, students are generally being told about science and asked to remember facts. This dis- 
turbing situation must be corrected if science education is to have any hope of taking its proper 
place as an essential part of the education of students everywhere. Scientists may tend to blame 
others for the problem, but—strange as it may seem—we have done more than anyone else to 
create it’’§ College science courses are taught by scientists, and they define “science educa- 
tion,” modeling for teachers and adults what should be done at lower levels. Most college fac- 
ulty have not yet faced up to the urgent need to improve on the standard one-size-fits-all lecture 
format (see News story by J. Mervis on p. 292). Thus, my final Grand Challenge: “Incorporate 
active science inquiry into all introductory college science classes.” 

The aim is nothing less than a more rational world. 

— Bruce Alberts 
10.1126/science.1239041 


*http://sites.nationalacademies.org/DBASSE/TAC; www.ccst.us/ccstinfo/caltac.php. +R. Marshall, M. Tucker, Thinking for a 


Living: Education and the Wealth Of Nations (Basic Books, New York, 1993). {www.nextgenscience.org/ 
next-generation-science-standards. §B. Alberts, Science 323,437 (2009). 
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ECOLOGY 
Poor Replacements 


The loss of large herbivore species can have very noticeable ecological impacts. Replace- 
ment of lost species with similar species expected to perform the ecological roles of those 
lost may temper some of these changes. Caution is needed, however: History is full of bio- 
logical introductions that have not turned out as planned. Hunter et al. tested the effective- 
ness of ecological equivalency in the Galapagos, where extinctions of giant tortoises have 
had significant ecological impacts. Sterilized tortoises with two distinct shell morphologies, 
domed and saddleback, were introduced to Pinta Island. The now-extinct native species had 
saddleback-shaped shells and were dispersers of prickly pear cactus. Introduced saddleback 
tortoises also selected prickly pear—rich habitats and thus have the potential to fill the same 
ecological role. Tortoises with dome-shaped shells, on the other hand, migrated to high 
elevations and showed no inclination toward prickly pear habitat. This was somewhat sur- 
prising, because despite differences in shell shape, domed-shell tortoises are more closely 
related to the extinct saddleback tortoises. Controlled experimentation, therefore, may be 
essential when considering ecological replacement strategies. — SNV 

Conserv. Biol. 10.1111/cobi.12038 (2013). 


BIOCHEMISTRY 


Twelve is a useful number when it comes to 
protein design. Why? Because divisibility by 2 
and by 3 means that subunits or intraprotein 
domains can be assembled combinatorially while 
structural homologies insure stability. Madej et 
al. document a striking example of this flexibility 
in design by comparing the tertiary structures of 
two members of the major facilitator super- 
family (MFS) of secondary transporters. MFS 
transporters carry small molecules across the 


cell membrane, often in tandem with an ion; the 
movement of the small-molecule substrate, such 
as lactose or fucose, is driven by the electro- 
chemical gradient of the ion, which is in turn 
established by active transporters. Both sugar 
permeases LacY and FucP consist of 12 trans- 
membrane helices, and both of their secondary 
structures adhere to the canonical pattern of 

a quartet of three helix bundles. Biochemi- 

cal analysis of mutant forms has identified the 
aromatic residues Trp’? and Phe*®, respectively, 
as the platforms where the sugar substrates bind, 
but as is evident from their numbering, these 


functionally homologous residues are found 
in entirely different locations in the primary 
structure. Madej et al. discovered that LacY and 
FucP are inverted permutations of each other, 
with bundles A through D in LacY corresponding 
to bundles D through A in FucP. — GJC 

Proc. Natl. Acad. Sci. U.S.A. 110, 10.1073/ 

pnas.1303538110 (2013). 


GENOMICS 


Nematode worms can infect a variety of tissues in 
humans; for example, apart from disconcertingly 
migrating across the eyeball on occasion, the 
African eyeworm Loa loa can cause neurological 
and heart pathologies. L. loa is a filarial worm, 
vectored by a biting fly and related to the worms 
that cause river blindness and elephantiasis. 
Unlike those species, L. loa does not possess the 
endosymbiont bacterium Wolbachia, which is 
the target of the antibiotics that are important 
treatments for these other parasites. Desjardins et 
al. have redressed a genome sequence gap and 
in a comparative study explored the nature of the 
apparently obligatory relationship between those 
filarial worms that have the endosymbiont and L. 
loa, which does not. It seems the eyeworm is very 
similar to other filariae to the extent that it (and 
they) possesses the metabolic pathways that previ- 
ously were thought to be contributed by the endo- 
symbiont. Contrarily, this new genome sequence 
is less revelatory than expected, instead restoring 
the symbiotic role played by Wolbachia in filarial 
nematodes to one of subtle mystery. — CA 

Nat. Genet. 45, 10.1038/ng.2585 (2013). 


MATERIALS SCIENCE 


lon implantation can be used to remove a 

thin layer of a crystal. For example, in the 
fabrication of silicon-on-insulator chips, a 

layer of heteroatoms that can form a gas (e.g., 
hydrogen atoms) are implanted as a subsurface 
layer. Upon heating, the formation of the gas 
dislodges the thin film from the bulk crystal. 
Cun et al. examined such effects at the level of 
a single monolayer; in this case, a boron nitride 
(BN) overlayer grown on the (111) surface of 
rhodium that forms a “nanomesh” superstruc- 
ture of wires and holes with a lattice constant 
of 3.2 nm. After implantation of low-energy 
argon ions, scanning tunneling microscopy 
revealed protrusions along the wires created by 
subsurface argon atoms trapped at two different 
sites. These structures were stable in air, but 
annealing to 900 K caused a “can-opener” ef- 
fect; that is, the formation of well-defined 2-nm 
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holes in the perturbed overlayer along with the 
corresponding removed flakes of BN. Similar ef- 
fects were seen with neon ions and for graphene 
layers on ruthenium surfaces. — PDS 

Nano Lett. 10.1021/nl400449y (2013). 


ECONOMICS 
The Constraints of IP 


Debates about intellectual property (IP) protec- 
tions for genes remain unsettled. New analysis 
of landmark human genome sequencing efforts 
suggests that IP protections hindered use of 
some early findings in follow-on research and 
development (R&D). The publicly funded Human 
Genome Project (HGP) required that its results 
be immediately placed in the public domain. The 
private firm Celera, which published its draft ge- 
nome at the same time as the HGP draft in 2001, 
maintained IP rights on its sequenced genes not 
yet sequenced by the HGP, allowing it to negoti- 
ate licensing agreements to sell data until those 
genes were made public by subsequent HGP 
resequencing, completed in 2003. Incorporat- 
ing a range of counterfactuals and controls, 
Williams shows that scientific publications and 
the development of diagnostic tests based on 
genes covered by Celera’s IP were reduced by 20 
to 30%. Comparing Celera genes made public 
by the HGP in 2002 versus 2003, a gap remains 
in the overall stock of knowledge (measured by 
genes having a known phenotype), suggesting 
that even brief periods of IP can have persistent 
impacts on subsequent R&D. — BW 

J. Polit. Econ. 121, 1 (2013). 


APPLIED PHYSICS 
Falling into Traps 


Semiconducting nanocrystals, or quantum dots, 
are promising materials for use in laser, light- 
emitting diode (LED), and solar cell applications, 
partly because of the tunability of their pho- 
tophysical properties with size. One important 
size-dependent property in this context is the rate 
of Auger recombination, a process whereby one 
or more excited carriers relax through energy 
transfer to another carrier. Cohn et al. report that, 
in zinc oxide nanocrystals negatively photodoped 
under anaerobic conditions, a distinct sort of 
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trap-assisted Auger recombination occurs at 
a rate that varies as the inverse square of the 
particle radius. Transient absorption and photo- 
luminescence spectroscopy reveal the decay rates 
associated with relaxation of a conduction-band 
electron to a deep localized hole, through con- 
comitant energy transfer to an extra conduction- 
band electron. Although the radial rate depen- 
dence is shallower than the inverse cube scaling 
of more widely studied biexciton recombination 
processes, the authors note that surface traps 
are common enough for the process to play a 
significant, and perhaps underappreciated, role 
in quantum dot photophysics. — JSY 

Nano Lett. 13, 1810 (2013). 


PLANETARY SCIENCE 
Simulating Titan’s Atmosphere 


Saturn's largest moon, Titan, has a thick atmo- 
sphere dominated by nitrogen (N,) and methane 
(CH,); the photochemistry of these two gases in 
the upper part of the atmosphere, initiated by 
solar wind particles and solar ultraviolet radiation, 
produces organics, including polymeric com- 
pounds called tholins that are thought to give 
Titan its distinctive orange-yellow color. Laboratory 
work by Gudipati et al. shows that tholin forma- 
tion can continue at low altitudes, down to 200 
km from the surface and below, through longer- 
wavelength photochemistry in condensed organic 
aerosols. They synthetized dicyanoacetylene 
(C,N,), a compound that has been detected on 
Titan and can be used as a model system for other 
larger unsaturated condensing compounds, cooled 


it to 100 K, a temperature relevant to Titan’s lower 
atmosphere, and irradiated it with laser-produced 
light at 532, 355, and 266 nm. Solar light at 
wavelengths longer than 200 nm is expected to 
penetrate through Titan’s atmosphere and make 
it to low altitudes without much attenuation. In 
the simulations, irradiation of C,N, ice with light 
at wavelengths as long as 355 nm induced the 
formation of tholins. These organic compounds, 
which do not occur naturally on Earth, can thus be 
produced on Titan by different photochemical pro- 
cesses at different atmospheric altitudes. — MJC 
Nat. Comm. 4, 1648 (2013). 
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Beijing 1 
More H7N9 Infections Reported 


A proliferation of newly reported infec- 

tions has scientists and public health officials 
increasingly concerned about the pandemic 
potential of the H7N9 avian influenza strain 
in China. As Science went to press, the World 
Health Organization (WHO) said it had 
received reports of 63 cases, 14 of them fatal, 
in six Chinese provinces and municipalities. 
Scientists haven’t yet pinpointed the source 
of the virus or the route by which people 
become infected. Although there is no evi- 


More flu. A girl infected with the H7N9 bird flu 
strain is treated in a Beijing hospital on 14 April. 


dence that it is spreading efficiently between 
people, which would herald a pandemic, “the 
situation is very worrisome,” says influenza 
researcher Masato Tashiro of the National 
Institute of Infectious Diseases in Tokyo. 
One of the infections is in a 4-year-old boy 
who had no symptoms; there could be many 
more people with no or very mild symptoms, 
Tashiro says. 

Last week, the China Center for Dis- 
ease Control and Prevention in Beijing 
provided H7N9 samples to the other five 
laboratories in WHO’s global network of 
collaborating centers for flu. These labs in 
turn can distribute the virus to other labs 
and companies that want to work with it. 
http://scim.ag/H7N9cases 


Washington, D.C. 2 


Supreme Court Weighs 

Human Gene Patenting 

On 15 April, the U.S. Supreme Court heard 
arguments in a case that presents a simple 
but radical question: Can human genes be 
patented? Decades after the court gave a 
green light to the patenting of recombinant 
DNA, a group of clinicians and research- 
ers, led by the American Civil Liberties 
Union and the Public Patent Foundation of 
New York City, wants to invalidate patents 
on human breast cancer genes (BRCA/ and 
BRCA2) held by the diagnostic firm Myriad 
Genetics of Salt Lake City. The challengers 
say that DNA of this type is unpatentable 
because it is “a product of nature,” not a 
human invention. 

A lower federal court accepted this argu- 
ment in 2010, tossing out Myriad’s patents. 
An appeals court last year backed Myriad. 
The challengers went to the Supreme Court. 
There, the justices probed both sides with 
questions and metaphors—Justice Sonia 
Sotomayor compared gene patenting to 
baking cookies—seemingly in search of a 
compromise that would retain patents on 
artificial DNA but not on “natural” genes. A 
decision is due by the end of June. Coinci- 
dentally, Australia’s highest court was also 
preparing to hear arguments on the validity 
of Myriad’s patents this week. 


New York, New York 3 


Francis Crick Letter 

Sets Auction Record 

“Jim Watson and I have probably made 

a most important discovery,” begins a 
1953 letter written by Francis Crick to his 
12-year-old son. On 10 April, the 7-page 
letter, which describes the biologists’ 
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12-year-old son 
sold for a record $5.3 million. 


unraveling of the structure of DNA, was 
sold to an unidentified buyer for $5.3 mil- 
lion at Christie’s, setting a record price for 
a letter. 

The next day, 11 other items from Crick’s 
estate were auctioned off by Heritage Auc- 
tions, including the Nobel Prize medal that 
Crick won in 1962 (along with Watson and 
Maurice Wilkins) for the discovery of DNA’s 
structure. The CEO of a regenerative medi- 
cine technology company bought the medal 
for a comparatively modest $2.3 million. 
Half of the proceeds of the Heritage Auc- 
tions sales will go to the Salk Institute for 
Biological Studies in San Diego, Califor- 
nia, where Crick worked from 1976 to 2004. 
Another 20% of the proceeds will go to the 
London-based Francis Crick Institute, which 
is to open in 2015. 


Washington, D.C. 4 


Flawed Informed Consent 
Claimed in Preemie Study 


Researchers from 23 universities involved 
in a study of 1316 extremely premature 
infants failed to “disclose adequately” 
that the infants could become blind or die 
depending on the concentration of oxygen 
that they received, concluded a 7 March 
letter from the U.S. Office for Human 
Research Protection (OHRP). The letter 
was brought to a reporter’s attention last 
week by Public Citizen, a Washington, 
D.C.—based nonprofit group. The infants 
were in the SUPPORT trial, which was led 
by the University of Alabama, Birming- 
ham, and ran from 2005 to 2009. 
SUPPORT’s results, published in 2010 in 
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Rolling With the Budget 


vent a. 
+ President Barack Obamy 
February 12,2033 


President Barack Obama’s 2014 budget request to Congress demonstrates once again 
that, when it comes to science, “He gets it,” says presidential science adviser John 
Holdren. Speaking last week at AAAS (which publishes Science), Holdren (at podium), 


offere 


overview of the administration's proposed $143 billion investment in 


research and development. He was joined by, from left: White House official Patricia 
Falcone, NASA Administrator Charles Bolden, National Institutes of Health Direc- 
tor Francis Collins, acting National Science Foundation Director Cora Marrett, and 
acting National Oceanic and Atmospheric Administrator Kathy Sullivan. The 2014 


The New England Journal of Medicine, 


gen levels (blood saturation target of 85% 
to 89%) were more likely to die, but less 
likely to become blind, than babies receiv- 
ing higher levels (91% to 95%). Although 
= both levels were within the accepted stan- 
$ dard of care, Public Citizen suspects that 
= “many, if not most, parents would have 
2 declined to enroll” in SUPPORT had they 
= fully understood the risks. 
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Bad Berleburg, Germany 5 


Bison Back in Western 

3 Europe's Wild 

2 European bison are back in the wild in 

S Germany for the first time since the 18th 
century. Eight animals—one bull, five 
female adults, and two calves—were 
released on 11 April ina large private for- 
est in the Rothaar Mountains, in North 
Rhine-Westphalia. 
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concluded that infants receiving lower oxy- 


request is $12 billion over the sequestration-depressed amount allocated this year 
and represents a 1.3% boost over 2012 levels. Civilian research would grow by 9%, 
while defense spending would shrink by 5%. For full budget coverage, see page 257. 


After many decades of extinction in 
the wild, European bison populations have 
recovered thanks to captive breeding and 
reintroduction programs. Of the 4000 in 
the world, about 3000 are roaming freely 
in Eastern European countries including 
Poland and Belarus. 


But the German program is the first 
of its kind in Western Europe: a “historic 
moment,” says Diana Pretzell, the World 
Wide Fund for Nature’s manager for nature 
protection in Germany. The project benefits 


NEV 


from the experience of previous reintro- 
duction efforts, Pretzell adds: In particu- 
lar, scientists provided advice to minimize 
inbreeding in the new herd. 

The reintroduction project was put 
forward by the forest’s owner, logging 
businessman Prince Richard of Sayn- 
Wittgenstein-Berleburg. It has received a 
combined €1.58 million (about $2.1 million) 
from Germany’s federal agency for nature 
conservation and North Rhine-Westphalia’s 
state government. 


NEWSMAKERS 
IVF Pioneer Dies 


British physiologist Robert Edwards died 
last week in his sleep at age 87, nearly 
35 years after he helped usher the first 
“test-tube” baby into the world. Edwards 
and gynecologist Patrick Steptoe devel- 
oped the technique of in vitro fertiliza- 
tion (IVF), which has helped millions of 
couples around the world have children, 
and for which Edwards 
was awarded the Nobel 
Prize in physiology 

or medicine in 2010. 
(Steptoe died in 1988.) 

Edwards’s efforts 
began in the 1950s, 
when he studied how 
human eggs mature and 
under what conditions fertilization can suc- 
ceed. He reached out to physician Steptoe 
to help bring these lab discoveries to cou- 
ples battling infertility. The two transferred 
dozens of embryos before one developed 
into a healthy pregnancy: Louise Brown 
was born in 1978. 

“Probably not since the invention of 
nuclear weapons has a scientific advance 
been received with such mixed feelings,” 
wrote The New York Times in an edito- 
rial published 3 days later. While cutting- 
edge reproductive technologies still ignite 
debate, the ethical handwringing over [VF 
has long since settled down, and the treat- 
ment has become a mainstream part of fer- 
tility care. 


Edwards 
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Join us on Thursday, 25 April, at 3 p.m. EDT 
for a live chat on the Anthropocene. Have 
humans altered the planet enough to earn 
our own epoch? When did it begin? 
http://scim.ag/science-live 
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BY THE NUMBERS 

$3000 to $5000 Cost to gen- 
erate a human genome sequence 

in 2013, compared with $1 billion 
when the Human Genome Project 
started in 1990 and $10 million to 
$50 million when it ended in 2003. 


40 to 55 Percent of Tamiflu pre- 
scriptions that went unused during 
the 2009 to 2010 H1N1 swine flu 
pandemic, according to a study in 
PLOS ONE that estimated drug com- 
pliance rates based on sewage water. 


$13.6 billion Amount that 
Thermo Fisher Scientific of Waltham, 
Massachusetts, will pay for Carlsbad, 
California—based biotech equipment 
manufacturer Life Technologies. 


FINDINGS 


Hares Wear Winter White, 
Even When It's Warm 


For hares, fashion is life or death. Blend- 
ing in with the environment is how they 
avoid being eaten: In winter, their coats turn 
white; in summer they are a mottled brown. 
This wardrobe switch starts at about the 
same time each spring and fall, a new study 
shows—which means that as the climate 
warms, by midcentury hares could be more 
than a month out of syne with snow cover. 
L. Scott Mills, a wildlife biologist at the 
University of Montana, Missoula, and his 
colleagues put radio tags on about 50 hares 
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Deadly mismatch. Climate change could put color- 
changing hares out of sync with snow cover. 


during the winters of 2010, 2011, and 2012. 
Every week, the team monitored how well 
each hare matched its background. 
Although one winter included 160 days 
of snow cover and another 190 days, the 
hares had trouble changing their coats to 


Candidate Hardware for Soviet Mars-3 lander 
Landed on December 2, 1971 


- 


Candidate parachute 


Retrorocket and lander candidates 


Long-Lost Mars Lander Found? 


Candidate heat shield 


About a week after the unmanned Soviet probe Mars 2 crashed into the planet in 1971, 
its twin, Mars 3, became the first spacecraft to manage a soft landing on Mars. Mars 3 
looked around for about 15 seconds before its transmission mysteriously stopped. On 
11 April, NASA announced that its Mars Reconnaissance Orbiter may have spotted the 
errant Mars 3 lander, along with detritus from its descent—its parachute, heat shield, 
and terminal retrorocket. The images, taken with the orbiter’s High Resolution Imag- 
ing Science Experiment (HiRISE) camera, were actually captured about 5 years ago; an 
online community of Russian space enthusiasts pored over the images to find viable 
candidates for the expected hardware. The features appear to be a good match to 
the lander’s components, HiRISE Principal Investigator Alfred McEwen said in a NASA 
press release, but further analysis “may help to confirm this interpretation.” 


match, Mills and his colleagues report online 
this week in the Proceedings of the National 
Academy of Sciences. The results “provide 

a really compelling visual effect of climate 
change,” says Daniel Blumstein, a behavioral 
ecologist at the University of California, Los 
Angeles. http://scim.ag/winterbun 


More Hints of Dark Matter? 


Physicists working with a supersensitive 
particle detector deep underground have 
spotted three events that could be particles 
of dark matter bumping into atomic nuclei. 
However, that’s too few events to say any- 
thing definite, caution the researchers, who 
work with the Super Cryogenic Dark Mat- 
ter Search (SuperCDMS) experiment that 
sits 713 meters down in the idled Soudan 
mine in northern Minnesota. “We certainly 


think it’s interesting, but it doesn’t rise to 

the level of discovery,” says Blas Cabrera, 

a SuperCDMS team member from Stan- 
ford University in Palo Alto, California. The 
events could be “background” from ordinary 
particles, although the team estimates the 
chances of that at 0.2%. 

The hint, reported at a meeting of the 
American Physical Society in Denver, has 
others excited. “I’m thrilled!” says Rafael 
Lang of Purdue University in West Lafay- 
ette, Indiana, who works on the compet- 
ing XENON Dark Matter Project. He notes 
that yet another experiment called CoGeNT 
in Soudan has reported similar, but more 
ambiguous signals. “This is how discover- 
ies happen,” Lang says, “they creep in and 
at some point you can’t explain it away any- 
more.” Look for results from XENON and 
other experiments within a year or two. 
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2014 U.S. BUDGET 


Request Would Let Science 
Rebound From Sequester 


He’s done it again. And for most U.S. scien- 
tists, that’s good news. 

President Barack Obama last week sub- 
mitted a $3.8 trillion budget request to Con- 
gress for 2014 that, if enacted, would boost 
the research budgets of nearly every federal 
agency. His continued support for science 
stands out in an otherwise flat budget that 
aims to shrink the federal deficit by clamp- 
ing down on entitlement programs and rais- 
ing money by revising the tax code. 

The president’s spending blueprint for 
2014 should lift the spirits of a community 
that, along with all other sectors of the econ- 
omy, has endured a bumpy political ride for 
the past year. The president’s $143 billion 
request for research and development more 
than erases a nearly $10 billion dip from 
2012 to 2013 caused by sequestration—the 
$85 billion, across-the-board cut in discre- 
tionary spending that went into effect in 
March. A few weeks later, Congress extended 
a budget freeze for most agencies through 
30 September, the end of the 2013 fiscal year 
(Science, 29 March, p. 1511). 

Like its predecessors, the 2014 request 
favors three agencies that provide significant 
support in the physical and computing sci- 


Applause for small favors 


The president's fiscal year 2014 bud- 
get offers the National Institutes 
of Health (NIH) a modest 1.5% 
increase over 2012 levels. But 
the request would also erase the 
5% cut that the agency received 
this year, to $29.3 billion, because of 
the mandatory across-the-board cuts known as seques- 
tration. “Everything's relative,” said NIH Director Francis 
Collins after a press briefing. “Considering what we've 
been going through in FY “13, what's being proposed 
here is really gratifying.” NIH would fund 10,269 new 
grants, an increase of 351 over 2012. The $471 million 
in new funding includes $40 million for NIH's portion of 
the BRAIN Initiative unveiled by the president last month 
“It's a little bit of good news, but | think it's still very worri- 
some as to where this is all headed,” said David Moore of 
the Association of American Medical Colleges. 
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ences and engineering. It seeks a 10.8% boost 
over this year’s sequestration-reduced budget 
for the National Science Foundation (NSF), a 
10.5% hike for the Office of Science within 
the Department of Energy, and a 19.8% jump 
for the core labs at the National Institute of 
Standards and Technology. This year that 
trio is joined by the U.S. Geological Survey, 
for which the administration has requested a 
15.2% increase. 

Obama’s latest budget (see boxes below 
for details) even provides a lifeline for the 
beleaguered biomedical research community 
by offering a 6.8% bump over 2013 for the 
National Institutes of Health. Only a handful 
of science agencies, notably the Centers for 
Disease Control and Prevention and the Envi- 
ronmental Protection Agency, took hits this 
year. But a proposed reorganization of fed- 
eral programs to improve science, technol- 
ogy, engineering, and mathematics (STEM) 
education at all levels has roiled parts of the 
scientific community (see p. 258). 

Keeping track of winners and losers is a 
bit harder this year because the administra- 
tion has chosen to compare its 2014 request 
with 2012 rather than 2013 spending levels. 
White House officials say they didn’t have 


Up close with an asteroid 


Find a 454-tonne asteroid. Grab it 
Drag it close to the moon. That's 
the idea behind an audacious 
initiative spelled out in NASA's 
2014 budget proposal. The 
agency wants to spend $105 mil- 
lion on the plan across the explora- 
tion, aeronautics, and science directorates. That figure 
includes doubling its $20 million program for asteroid 
detection. Once it has found the right-size asteroid, 
NASA intends by 2019 to send a spacecraft to cap- 
ture it in a giant bag and pull it into an orbit around 
the moon. Then, astronauts would visit the aster- 
oid aboard the Orion space capsule, currently under 
development. “This mission raises the bar for human 
exploration and discovery,” says NASA Administrator 
Charles Bolden 
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time to incorporate the 2013 totals. The odd 
scorekeeping masks the impact of sequestra- 
tion, which was the penalty that the White 
House and Congress imposed on themselves 
as part of a 2011 budget agreement if the 
two sides were unable to find another way to 
shrink the budget deficit over the next decade. 

Obama has ridiculed sequestration as 
bad public policy, and his new budget would 
replace the across-the-board cuts in 2014 with 
a combination of more targeted spending cuts 
and revenue increases. So perhaps the White 
House just doesn’t want to talk about the topic. 
“The effect of the sequester is already being 
felt in many domains,” said John Holdren, 
the president’s science adviser, in a presenta- 
tion last week of the 2014 science budget. “So 
the sooner we get rid of it, the better.” 

Although all agencies were dinged by the 
sequester—civilian agencies took a 5% cut, 
and national security programs were trimmed 
by 7.4%—the final spending bill for 2013 
softened the blow for some, in particular, 
NSF. Federal agencies are putting the finish- 
ing touches on operating plans describing 
how this year’s cuts apply to every program. 

Those plans involve real money, and the 
allocation will affect every researcher who 
receives federal dollars. In contrast, the pres- 
ident’s budget is a wish list, and its arrival 
marks just the beginning of what will cer- 
tainly be another protracted debate over fed- 
eral spending. Even so, it’s being greeted 
warmly by a community eager to bury the 
unpleasant memories of 2013. 

JEFFREY MERVIS 


Will red rover come over? 


A year ago, U.S. planetary scien- 
tists were dismayed when NASA 
announced that it was back- 
ing out of a European-led plan 
to explore Mars. But now it has 
requested money to send a new 
rover to Mars in 2020 that will ulti- 
mately return samples to Earth, a top priority in the most 
recent planetary science decadal survey. The 2014 bud- 
get proposal does not specify how much the new mis- 
sion will cost or what the agency wants to spend next 
year. But budget documents explain that the new rover 
would be based on the design of Curiosity—the rover 
currently exploring Mars—which NASA says “will 
ensure mission costs and risks are as low as possible.” 
John Mustard, a planetary scientist at Brown University, 
says “it is great to see the semblance of a start for a 
rover to be launched in 2020.” 
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Wild Cards Remain After Proposed 
Reshuffle of STEM Education 


Most people agree that the U.S. government 
could do a better job of managing the $3 bil- 
lion being spent by a dozen federal agencies 
on science education, public understanding 
of science, and the training of future scientists 
and engineers. But few are lining up behind 
a White House plan to accomplish that goal. 

Inamove that surprised science educators, 
legislators, and even many federal education 
officials, President Barack Obama included a 
radical realignment of STEM (science, tech- 
nology, engineering, and mathematics) edu- 
cation programs in the 2014 budget request 
that he submitted last week to Congress (see 
p. 257). He proposed eliminating dozens of 
programs at agencies—notably at NASA, the 
National Institutes of Health (NIH), and the 
National Oceanic and Atmospheric Admin- 
istration (NOAA)—in which STEM educa- 
tion is an add-on to their primary missions. 
At the same time, his budget designates three 
agencies to shoulder the load in four prior- 
ity areas—the Department of Education in 
precollege science and math education, the 
National Science Foundation in both under- 
graduate and graduate STEM training, and 
the Smithsonian Institution in STEM activi- 
ties outside the regular classroom. 

The realignment will “substantially 
decrease the fragmentation of STEM pro- 
grams,” says John Holdren, the president’s 
science adviser and director of the White 


Here’s looking at you, kid 


A 15-year satellite soap opera may 
have reached its final scene. The 
administration has requested 
$33.6 million to finish refurbish- 
ing and launch the Deep Space 
Climate Observatory (DSCOVR), 
a satellite proposed by then—Vice 
President Al Gore in 1998. It was supposed to launch 
in 2001 and beam back climate data and pictures of 
the Earth from a point 1.5 million kilometers away 
(Science, 20 March 1998, p. 1845). But critics saw 
the satellite, then called Triana, as a political stunt, 
and the George W. Bush administration parked it in 
a warehouse. The Obama administration revived the 
mission in 2010 and now wants to give $9.9 million to 
NASA and $23.7 million to the National Oceanic and 
Atmospheric Administration to get DSCOVR launched 
in November 2014. 


al 


House Office of Science and Technology 
Policy (OSTP). The General Accountabil- 
ity Office, a congressional watchdog agency, 
has found that 83% of STEM education pro- 


Some gain. Acting NSF Director Cora Marrett 
gets more for science education. 


grams “overlapped to some degree ... [by] 
offer[ing] similar services to similar target 
groups ... to achieve similar objectives,” and 
many Republican legislators assert that fed- 
eral STEM education programs are poorly 
managed and even redundant. 

Under the proposed reshuffling, some 
78 programs with an overall budget of 
$176 million would be eliminated. But offi- 


Cosmic movie ready to roll 


Astronomers will be thrilled that 
the National Science Foun- 
dation (NSF) has requested 
$27.5 million to begin construc- 
tion of the Large Synoptic Sur- 
vey Telescope (LSST), the commu- 
nity's top choice for ground-based 
facilities in its 2010 decadal survey. Sitting atop Cerro 
Pachon in Chile, the 8.4-meter scope would use a 3 
gigapixel camera to map an entire hemisphere of the 
sky once every 4 days. The result will be an unprec- 
edented 3D movie of the cosmos and the mapping of 
some 10 billion galaxies. DOE has proposed spend- 
ing $22 million from its high-energy physics program 
to continue building the camera. (Overall, the program 
would get a boost of 5.7%.) Organizers hope to com- 
plete work on the telescope in 2021, using $466 million 
from NSF and $173 million from DOE 
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cials at the White House Office of Manage- 
ment and Budget (OMB), which developed 
the proposal, declined to explain what crite- 
ria were used in swinging the ax. And those 
cuts won’t result in overall savings. Instead, 
the president’s budget calls for a $195 million 
jump in funding on STEM education over 
2012, with the Education Department receiv- 
ing an additional $285 million, NSF enjoying 
an $89 million boost, and the Smithsonian 
getting $25 million to join the roster of fed- 
eral STEM education agencies. 

Many science educators say that the pro- 
posed cuts would scrap effective programs 
just as the country needs to be doing more. 
“The SEPA [Science Education Partnership 
Award] program is the face of NIH to the 
country,” says a grantee on one of the pro- 
grams facing the chopping block. “It’s a vehi- 
cle for telling the public how NIH is trans- 
lating science into practice,” says the grantee, 
who requested anonymity. 

Conservatives are unhappy with the pro- 
posal’s bottom line. “The president’s pro- 
posal includes a reduction or reorganization 
of 114 of the 226 federal STEM programs, 
but then requests almost 7% in additional 
funding for the remaining 112 programs,” 
says Representative Larry Bucshon (R—IN), 
chair of the research subcommittee of the 
House of Representatives science commit- 
tee. “I have yet to see sufficient justification 
for this additional funding.” 

Even ardent backers of STEM education 
are wary of what the president has proposed. 
“The consolidation is not straightforward 
and not without possible consequences,” 
said a spokesperson for Representative Eddie 


A compromise for fusion 


The 10.6% boost for the U.S 

Department of Energy’s (DOE's) 

Office of Science would allow 

the agency to pay the country's 

share of the international fusion 

experiment ITER, under con- 

struction in France, without gutting 

fusion research at home. Funding for fusion research 

would climb more than 20% to $458 million, of which 

$225 million would go to building parts for ITER. But 

DOE would limit annual ITER contributions to that 

amount for the duration of construction, says Edmund 

Synakowski, DOE's associate director for fusion energy 

sciences. That move would prevent ITER from consum- 

ing the entire fusion budget, although it would increase 

the total amount the United States will pay for its share 

of ITER. DOE still plans to shut down a tokamak at the 
Massachusetts Institute of Technology. 
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Bernice Johnson (D—TX), the top Democrat 
on the science committee. “Agencies have 
unique mission and workforce needs and 
expertise that can’t easily be replicated by 
other agencies. Until she sees the details, she 
can’t judge what makes sense.” 

Johnson isn’t the only one who’s 
confused. Federal officials, who 
learned about the plan during nego- 
tiations with OMB on their 2014 bud- 
get requests, say they still have a lot of 
questions. “The proposal has just been 
released and we are awaiting details,” 
says Lawrence Tabak, principal deputy 
director at NIH. “We’re in a funding 
pause for new applications.” Grantees, 
however, say they were told last week 
in a conference call that NIH intends to 
shutter its Office of Science Education 
and shift responsibility for STEM edu- 
cation activities to individual institutes 
and centers. 

The announcement troubles Carl 
Wieman, who until last June oversaw 
federal STEM education programs as assis- 
tant OSTP director for science (see p. 292). 
An interagency committee has spent 4 years 
working ona strategic plan to consolidate and 
coordinate existing STEM education pro- 
grams and beef up assessment, he notes. Its 
vision, long overdue, is now expected to be 
unveiled next month. By circumventing that 
process, Wieman says, OMB “is throwing a 
stick of dynamite into the room. It screws up 
the whole process.” 

Steve Robinson of the White House 
Domestic Policy Council disagrees. He 
says the realignment is actually “one step in 


Biodefense on the farm 


The Obama administration has 
decided to move ahead with a 
controversial agro-defense labo- 
ratory planned for Manhattan, 
Kansas. It has requested $714 
million to enable the Department 
of Homeland Security (DHS) to build 
the $1.2 billion National Bio and Agro-Defense Facility 
(NBAF), a high-security laboratory that would study dis- 
eases that threaten humans and livestock. NBAF is sup- 
posed to replace the Plum Island Animal Disease Cen- 
ter in New York, Just last year, the White House omit- 
ted NBAF funds in light of safety and budget concerns, as 
well as opposition from members of Congress. But some 
supportive outside reviews appear to have helped revive 
NBAF for 2014. Fierce opposition in Congress remains, 
however, with Representative Tim Bishop (D-NY) vowing 
to kill what he calls a “billion-dollar boondoggle.” 
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achieving those goals, by realigning efforts 
and redirecting resources around more 
clearly defined priorities and enabling rigor- 
ous evaluation.” 

While the dust settles, the three lead agen- 
cies are hoping that Congress will bless 
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Some lose. NASA's Charles Bolden and NIH’s Francis Collins 
would see education programs shrink. 


their plans to expand existing programs. The 
Smithsonian wants to apply its windfall to its 
newly named Center for Learning and Digi- 
tal Access, which offers easy access to Smith- 
sonian documents, photos, podcasts, videos, 
and other materials aligned with state stan- 
dards in STEM fields and will eventually 
include materials from other agencies. The 
Department of Education wants to launch a 
$150 million competitive grants program to 
help local school districts prepare high school 
graduates for STEM majors and careers and 
plans to create a STEM office that would 
work with other federal science agencies. 


Giving a lift to science 


The president's 2014 request confirms 

that the U.S. Geological Survey 

(USGS) has moved up in the sci- 

entific pecking order. After years 

" of 1% and 2% proposed bumps, 

RF in 2013 the administration asked 

for a 3% boost. That increase didn’t 

happen, as the agency suffered the same 5% cut from 

sequestration as its peers. But this year the president 

came back with a plan for a 15.2% hike over current lev- 

els, to $1.17 billion. Marcia McNutt, who stepped down 

in February as USGS director and who in June becomes 

editor-in-chief of Science, says the recent budget jumps 

reflect the survey's shift in status from a subsidiary of 

the Department of the Interior to a full-fledged science 

agency advancing the administration's science priorities. 

One of those priorities is climate change research, which 
is slated for a 22% increase to $72 million 
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NSF hopes to grow its prestigious gradu- 
ate research fellowships program from 2000 
new fellows a year to 2700. Some of the fel- 
lows would have a chance to develop “special 
knowledge or skills” in collaboration with 
mission agencies, says Joan Ferrini-Mundy, 
the head of NSF’s education director- 
ate. “The big picture is that some pro- 
grams from other agencies are winding 
down,” she says. “And as we ramp up 
our undergrad and graduate programs, 
we'll be talking to those agencies about 
access to their assets and facilities.” 

The White House has not spelled 
out how such transfers would occur. 
Although funding for NASA’s STEM 
education activities would drop from 
$170 million to $109 million under the 
realignment, for example, NASA will 
continue to offer internships for under- 
graduates as well as funding students 
at colleges and universities with large 
minority populations. Likewise, NSF 
would retain its informal science edu- 
cation and K-12 programs. 

Outside observers think it is unlikely that 
Congress will agree to anything as radical 
as what the White House has proposed. And 
mission agencies aren’t eager to give up what 
they have been doing. “We have the capability 
to play in all four priority areas,” notes Leland 
Melvin, head of NASA’s Office of Educa- 
tion, “as well as world-renowned scientists 
and facilities that nobody else has. NASA 
will continue in 2013 to do what we’ve been 
doing, and we’ll see what happens after Con- 
gress has a chance to weigh in. It’s a process.” 

JEFFREY MERVIS 


Chewing over a big request 


The White House has doubled down 
on its support for competitively 
awarded, peer-reviewed funding 

for research. Last year, it asked 

for a 23% boost to the Agricul- 
ture and Food Research Initiative 
(AFRI) while holding level its requests 
for other research at the U.S. Department of Agriculture 
That request was rejected, but this year it is seeking 
a 44% boost over current levels, to $383 million. Karl 
Glasener, who directs science policy for the American 
Society of Agronomy, Crop Science Society of Amer- 
ica, and Soil Science Society of America, says a 2012 
report by the President's Council of Advisors on Science 
and Technology helped make the case. Congressional 
approval is another matter, but Glasener is optimistic 
“Congress too seems increasingly sold on competitive 
funding mechanism in general and for AFRI specifically.” 
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Eppendorf & Science Prize for Neurobiology 


The annual Eppendorf & Science Prize for Neurobiology, 
an international award, honors young scientists for their 
outstanding contributions to neurobiological research. 
The winner and finalists are selected by a committee 

of independent scientists, chaired by Science’s Senior 
Editor, Dr. Peter Stern. To be eligible, you must be 35 


years of age or younger. 


Learn more at: www.eppendorf.com/prize 
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2012 Winner 

Dr. Marlene R. Cohen 
Assistant Professor 
University of Pittsburgh 


Application Deadline 
June 15, 2013 


You could be next to win this prize and to receive 

> Prize money of US$25,000 

> Publication of your work in Science 

> Full support to attend the Prize Ceremony held in 
conjunction with the Annual Meeting of the Society for 
Neuroscience in the USA 

> An invitation to visit Eppendorf in Hamburg, Germany 


It's easy to apply! 


ARCHAEOLOGY 


HONOLULU—A vocal group of geologists 
and other scientists are pushing to define a 
new geological epoch, marked by climatic 
and environmental change caused by humans. 
They’ve got a catchy name—the Anthropo- 
cene or “Age of Man’”—plus an eponymous 
journal starting up this month and an inter- 
national working group considering whether 
< to make the designation official (Science, 
E 7 October 2011, p. 32). At a session at the 
Society for American Archaeology’ meet- 
ings here, archaeologists argued that it’s high 
time for their field, which studies humans and 
their activities over geological time, to have a 
greater voice in the debate. 

Most all the speakers at the standing- 
room-only session agreed that human impacts 
on the Earth are dramatic enough to merit a 
new epoch name—and that drawing attention 
to our changed relationship with the planet is 
a good idea. But all felt that such an epoch 
should start thousands of years ago. Rather 
than focusing on a relatively sudden planet- 
wide change—a line in a sedimentary deposit 
where one could plant a “golden spike” as 
is traditionally done to mark an epoch—the 
archaeologists outlined an unbroken chain 
of human influence stretching far back into 
prehistory. “Humans have been modifying 
ecosystems over a long period of time,” said 
archaeologist Bruce Smith of the Smithson- 
ian Institution’s National Museum of Natural 
History (NMNH) in Washington, D.C. 

Such a view of the Anthropocene contrasts 
with that of most geologists and ecologists 
behind the movement, many of whom have 
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*Society for American Archaeology 78th Annual Meet- 
ing, 3-7 April, Honolulu. 
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Archaeologists Say the ‘Anthropocene’ 
Is Here—But It Began Long Ago 


sought a clear time marker for the “golden 
spike.” The most popular suggestion for a 
time point to end the recognized Holocene 
epoch, which began 11,700 years ago after 
the end of the last ice age, is the beginning 
of the Industrial Revolution about 1750 C.E., 
when manufacturing began to take hold and 
human-caused global warming is thought to 
have begun. Only then, proponents argue, did 
humans begin to change the chemistry of the 
atmosphere and oceans worldwide, alter the 
course of rivers, and transform the landscape, 
among other impacts. Others have suggested 
fallout from nuclear bombs as a distinctive 
Anthropocene signature. 

But although the 23-member Working 
Group on the Anthropocene has no archae- 
ologists or anthropologists, those fields also 
have bountiful data on major human impacts 
on the planet, said session chair Todd Braje, 
an archaeologist at Humboldt State Univer- 
sity in Arcata, California. Those data show 
that humans began making global and large- 
scale transformations of the Earth long before 
the 18th century, panel members said. 

Jon Erlandson, an archaeologist at the 
University of Oregon in Eugene, noted that 
people began transforming continents about 
60,000 years ago, when our ancestors began 
to spread out from their ancestral home in 
Africa. That’s when large-scale hunting, 
burning vegetation, and cutting down for- 
ests, etc., began, and “set the stage for human 
domination of the earth,” Erlandson said. 

Shortly after humans arrived in many 
regions, including most islands and sev- 
eral continents, many large mammals went 
extinct. Because the climate changed natu- 
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Heavy footprint. Humans have been transforming 
landscapes, such as these ancient Philippine rice fields, 
for thousands of years. 


rally just as the humans arrived, it’s still not 
clear whether hunting, climate, or both killed 
off the megafauna, Braje says. He noted 2011 
work led by Eske Willerslev of the University 
of Copenhagen, which concluded that climate 
alone best explains some extinctions, but that 
both climate and human hunting drove Eur- 
asian steppe bison and wild horses extinct, for 
example. Thus, human-caused extinctions go 
back thousands of years. 

Instead of focusing on the Anthropocene’s 
measurable effects, which accumulated over 
time, some archaeologists argued that per- 
haps a more scientific way to define the epoch 
is by the onset of the most important cause 
of the global human footprint: agriculture. 
“Rather than focus on greenhouse gases, we 
should identify when in the archaeological 
record humans first developed a significant 
ability to modify the Earth’s ecosystems,” 
Smith said in a talk co-written with fellow 
NMNH archaeologist Melinda Zeder. Agri- 
culture arose nearly simultaneously in the 
Near East, Asia, and the Americas, and “‘is the 
lever that humans have used” to refashion the 
planet, Smith said. 

The origins of agriculture about 
11,500 years ago coincide with the begin- 
ning of the Holocene, which already has an 
official golden spike—the end of the last ice 
age. If the marker was early agriculture, no 
additional spike would be needed, and the 
current epoch could be called the Holocene, 
the Anthropocene, or both, Smith said. 

Support for using agriculture as a dividing 
line comes from the dramatic impacts made 
by early farmers, described in the case of 
East Asia by archaeologist C. Melvin Aikens 
of the University of Oregon. Beginning 
about 9000 years ago, villages fed by millet, 
wheat, and barley fields began sprouting all 
over China. This was much more than just a 
few clearings in the forest: Early rice farm- 
ers carved out landscapes and waterways, 
and “over the millennia vast reaches of south- 
ern China were wholly transformed by dams, 
canals, and vast paddy fields,’ Aikens said. 

Even regions once thought to be relatively 
untouched by humans, such as the Amazon, 
were radically changed by prehistoric peo- 
ples, who built extensive earthworks and 
causeways at least 4000 years ago (Science, 
29 August 2008, p. 1148), panelists noted. 

Whatever agriculture’s impacts, using 
it to define the Anthropocene may well 
encounter resistance from earth scientists. 
Indeed, in a 2011 article in the Philosoph- 
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ical Transactions of the Royal Society A, 
a team led by climate change expert Will 
Steffen of the Australian National Univer- 
sity in Canberra, argued that warming of 
the planet is a key feature of the Anthropo- 
cene and that increases in greenhouse gases 
due to early farming were too small to trig- 
ger climate change. The authors also argued 
against tying the Anthropocene to megafau- 
nal extinctions, claiming that the megafauna 
had little “appreciable impact on the func- 


tioning of the Earth system as a whole.” 
Would moving the start of the Anthropo- 
cene back into prehistory blunt the epoch’s 
impact? “When originally proposed, this 
was a Strategy for getting the public to 
appreciate the extent to which humans were 
destroying the world,” Smith noted in the 
question and answer session. But Zeder said 
that if the Anthropocene does become offi- 
cial in 2016 as proposed, it should be based 
on solid science. “We are backing away from 


coming up with arbitrary markers, and ask- 
ing what are the human and environmental 
interactions that are driving it.” 

Geologists are apparently willing to hear 
such ideas. The new journal, Anthropocene, 
plans a special issue on archaeological per- 
spectives, largely drawn from the Honolulu 
talks, says editor-in-chief and geomorphol- 
ogist Anne Chin of the University of Colo- 
rado, Denver. 

—MICHAEL BALTER 


EXOPLANETS 


Kepler Snags Super-Earth-Size Planet 
Squarely in a Habitable Zone 


The Kepler spacecraft has achieved plenty of 
milestones in the 4 years and counting that 
it’s been orbiting the sun. Kepler team mem- 
bers have reported the discovery of ever- 
smaller exoplanets—down to Earth-size 
and below—and more and more exoplanets 
that are in the habitable zone, where a solid, 
Earth-size planet could have liquid, life-sus- 
taining water on its surface. 

Now, the Kepler team is 
reporting the discovery of 
what could be the Holy Grail 
of exoplanetology: a rocky 
planet enveloped by a nur- 
turing, warming atmosphere 
and sporting streams, lakes, 
and seas. Or maybe not. Team 
members point out in their 
paper, published online this 
week in Science (http://scim. 
ag.WJBorucki), that they 
don’t know whether their new 
find has water, an atmosphere, 
or even a solid surface. Indeed, 
no current, planned, or per- 
haps even conceivable mission 
could show that this particular 
exoplanet is habitable. 

None of that is Kepler’s fault. The space- 
craft’s only job, after all, is to determine how 
often Earth-size planets orbit in the habit- 
able zone of sunlike stars. And it has already 
discovered more than 100 new exoplanets 
down to the size of Earth’s moon. It has 
done that by staring year after year at more 
than 100,000 stars, waiting for the few hun- 
dredths of a percent dip ina star’s brightness 
that signals that a planet is orbiting across 
the star’s face. 

Kepler’s latest find is a system of five 
planets orbiting a star designated Kepler-62. 


The planets range from half the size of Earth 
to twice its size in terms of diameter. Their 
“vears” range in length from 6 days—no 
doubt making that planet too hot for life—to 
a more promising 9 months for the system’s 
outermost known planet, called Kepler-62f. 
Although transit observations yield pre- 
cise measures of an exoplanet’s size and 
orbital distance from its star, determining 


Imagination run free. Exoplanet Kepler-62f's rising star and neighboring planet 
(bright point) are known; the presence of clouds, land, and sea are purely speculative. 


whether it actually falls in a star’s habitable 
zone requires some big assumptions. Calcu- 
lating how much of its star’s radiant energy 
an exoplanet intercepts is straightforward 
enough. But what happens next to that energy 
depends on a host of characteristics of the 
exoplanet, none of which is usually known. 
The big unknown is the nature of an exo- 
planet’s atmosphere. The Kepler team fol- 
lows convention and assumes that the exo- 
planet has a greenhouse atmosphere of 
nitrogen, carbon dioxide, and water. The 
habitable zone—the range of orbital dis- 


tances within which this greenhouse would 
keep working—would extend from an outer 
boundary beyond which carbon dioxide 
freezes out to an inner boundary within 
which the greenhouse would overheat, as 
may have happened on Venus. 

In the case of the Kepler-62 system, 
only Kepler-62f—super-Earth-size at 1.41 
times the size of Earth—falls in this strictly 
defined habitable zone, but it is well within 
it. Kepler-62e, slightly closer to its star than 
62f, falls outside the strictly defined habit- 
able zone but inside a more loosely defined 
one. Two other relatively small exoplanets 
in other systems fall in their stars’ habitable 
zones, but their sizes are not known, only 
their minimum masses; they 
could be super-Earth-size or 
much larger. 

Kepler’s discovery of this 
possibly habitable exoplanet 
is another grand achievement 
for the mission, says exo- 
planet researcher Sara Seager 
of the Massachusetts Institute 
of Technology in Cambridge. 
But she’s worried about the 
public’s perception of the dis- 
covery. “Kepler has achieved 
great milestones,” she says, 
but its mission is “not to 
say ‘that’s habitable, let’s go 
there.’ Kepler’s stars are too 
faint; the amount of informa- 
tion will be too low to demon- 
strate habitability.” 

To characterize the atmospheres of poten- 
tially habitable exoplanets, astronomers 
need systems nearer Earth with brighter 
stars. The Transiting Exoplanet Survey Sat- 
ellite (TESS) mission approved earlier this 
month by NASA for a 2017 launch will find 
those brighter systems, Seager notes. Still, 
fully characterizing TESS’s exoplanets will 
challenge even NASA’s next great orbiting 
observatory, the James Webb Space Tele- 
scope, scheduled for launch in 2018. 

-RICHARD A. KERR 
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BIOMEDICINE 


Rare Cancer Successes Spawn 
‘Exceptional’ Research Efforts 


Most experimental cancer drugs that reach 
clinical trials fail to help enough patients, 
and the drugs are shelved. But in many tri- 
als, there are the exceptions: a rare patient 
with advanced cancer whose tumors shrink 
or even disappear for many months or 
years. Researchers have typically paid little 
heed to such “outlier” cases, but that could 
soon change. 

This month, the U.S. National Cancer 
Institute (NCI) announced that it is casting a 
wide net for such “exceptional responders” in 
hopes of ferreting out genetic or other molec- 
ular peculiarities that may explain why a drug 
sometimes has dramatic beneficial effects in 
certain patients. Identifying such biomarkers 
underlying sensitivity to a drug could allow 
more people to benefit from it, agency offi- 
cials say. NCI also intends to launch a new 
kind of clinical trial that will genotype a 
patient’s tumor and match it to a potentially 
effective drug, including experimental drugs 
that haven’t been approved. 

“We want to find ways to accelerate move- 
ment towards preci- 
sion medicine,” or 
personalized cancer 
treatments, says NCI 
Director Harold Var- 
mus, who highlighted 
the two projects in 
an address last week 
at the annual meet- 
ing of the American 
Association for Can- 
cer Research (AACR) in Washington, D.C. 
But focusing on rare, exceptional patients 
may draw skepticism from some, predicts 
researcher Charles Sawyers of the Memorial 
Sloan-Kettering Cancer Center (MSKCC) in 
New York City, who is helping NCI organize 
the projects: “Can we really learn from single 
patients? Is this a good way to do science?” 

One reason that NCI became interested in 
what researchers are calling “n of 1” studies 
is a report last year from MSKCC researcher 
David Solit. His team observed that everoli- 
mus, a new type of cancer drug, didn’t help 
most patients in a trial for advanced bladder 
cancer, yet one 73-year-old patient went into 
a remission that has lasted more than 3 years. 
Her tumor didn’t have mutations in genes 
previously linked to everolimus sensitivity, 


E so Solit’s team sequenced her entire tumor 


genome—the first whole genome sequence 
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MSKCC had done. This revealed that the 
woman’s tumor carried a mutated version of 
a gene, 7SC/, that Solit’s group later found in 
tumors of several other patients in the same 
trial who responded to the drug (Science, 
12 October 2012, p. 221). 

Solit’s group has since studied another 
exceptional responder: a woman with cancer 
of the ureter who has apparently been cured 
by a combination of chemotherapy and an 
experimental drug that interferes with DNA 
repair. The combination didn’t show prom- 
ise in a phase I safety trial, leading the com- 
pany developing the drug to abandon it. But 
whole genome sequencing revealed that the 


Rare finds. NCI chief Harold Varmus outlines plans 
to find “exceptional responders” to cancer drugs, as 
David Solit (inset) already has twice. 


woman’s tumor had a mutation in RADS50, 
a gene that codes for a protein involved in 
DNA repair. (Together, the drug and muta- 
tion apparently thwart DNA repair so much 
that it tips rapidly dividing cancer cells to 
self-destruct). About 4% of cancer patients 
have mutations in genes coding for proteins 
in the same DNA repair complex, suggest- 
ing that many others could benefit from the 
“failed” drug combination. “That’s what’s so 
cool about this. You get clues,” Varmus says. 
At the AACR meeting, James Doroshow, 
NCI deputy director for clinical and trans- 
lational research, appealed to the research 
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community to help find 100 such exceptional 
responders—defined as a response lasting at 
least 6 months in a clinical trial for a drug that 
was not approved for that cancer because too 
few patients overall responded. If tumor tis- 
sue is available and researchers can obtain the 
patient’s or family’s consent, NCI will submit 
the samples to its cancer genome centers for 
sequencing of protein-coding DNA and other 
tests. (One challenge is that most archived 
tumor samples are preserved with formal- 
dehyde, rather than frozen, which limits the 
possible analyses.) “It’s really a data mining, 
hypothesis-generating exercise,” Doroshow 
says. “We will find some new insights about 
how drugs work,” and “maybe some drugs 
will be resurrected.” 

Flipping that concept around, NCI also 
wants to launch a trial that goes from gen- 
otype to phenotype—NCI will analyze a 
patient’s tumor for cancer-spurring mutations 
and match it with a targeted drug that might 
shrink the tumor. By mid-2014, the agency 
hopes to begin enrolling 1000 patients with 
various types of cancer who have failed stan- 
dard treatment and test their tumors for 100 
or more “actionable” mutations. NCI aims 
to work with companies to assemble a phar- 
macy of dozens of gene-targeted drugs that 
will include ones that have passed safety test- 
ing but are still under investigation and not 
approved for clinical use. (Instead of having 
a separate control group, NCI may compare 
tumor growth for a patient on and off the 
drugs so that each patient is his or her own 
control, Doroshow says.) 

Not everyone thinks that this MATCH 
trial makes sense. Because many of the muta- 
tions will be very rare, it may be difficult to 
find more than one or two patients in 1000 
who have them, Solit says: “You need a cer- 
tain number of patients to make an interpreta- 
tion.” But others say that as researchers splin- 
ter tumors into smaller and smaller subsets 
using genetic characteristics, it may no longer 
be possible to launch a traditional trial with 
hundreds or thousands of patients having the 
“same” cancer. “If the evidence of clinical 
benefit is so great, then a few cases may be 
enough to convince people,” says lung cancer 
researcher William Pao of Vanderbilt Univer- 
sity in Nashville. 

The trial could also help solve the problem 
of giving patients access to the drug they need, 
Sawyers says. Often that happens only if their 
physician knows how to get a single-patient 
investigational trial approved and if the com- 
pany contributes the drug, he says. “More and 
more of these cases are clearly going to hap- 
pen, and it’s time to have an organized solu- 
tion,’ Sawyers says. -JOCELYN KAISER 
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ey of Peers in Fieldwork 
Highlights an Unspoken Risk 


It was standing room only at 8:15 a.m. 
last Saturday in a session on ethics at the 
annual meeting of the American Associa- 
tion of Physical Anthropologists (AAPA) 
in Knoxville, Tennessee. The talk had noth- 
ing to do with traditional problems facing 
anthropology, such as respecting cultures 
or sharing data. Instead, it focused on how 
researchers treat each other. The speaker, 
Kathryn Clancy, a bioanthropologist at the 
University of Illinois, Urbana-Champaign, 
had troubling data to share: A survey of her 
colleagues’ fieldwork experiences revealed 
a high incidence of sexual harassment. The 
abuses ranged from subtle gender exclusion 
to sexual assault. The victims were mostly 
female, and the perpetrators were mostly 
senior researchers, sometimes the victim’s 
own fieldwork mentor. 

“T am shocked, angry, disillusioned, and 
sad,” outgoing AAPA President Lorena 
Madrigal wrote to Science in an e-mail. “I 
just thought this did not happen anymore, 
and I am still in shock to hear that it does.” 

The idea for the survey took shape in 
2011, Clancy says, when she learned that a 
friend had been raped in the field by a col- 
league and that a mentor convinced the vic- 
tim to keep quiet for the sake of her career. 
“Tt was like a slap in the face,’ Clancy says. 
It was unlike her own Ph.D. fieldwork, which 
she describes as “paradise.” 

Her friend had opted for silence, but not 
Clancy, who has a powerful megaphone—she 
writes a blog for Scientific American. Start- 
ing in January of last year, she started post- 
ing anonymized sexual harassment horror 
stories that female colleagues shared with 
her. Anonymous comments started rolling in 
from fellow scientists. Clancy then teamed 
up with three of her bioanthropology col- 
leagues—Katie Hinde of Harvard University; 
Robin Nelson of the University of California, 
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Riverside; and Julienne Rutherford of 
the University of Illinois, Chicago—and 
launched an online survey asking colleagues 
to share their fieldwork experiences. 

At the AAPA meeting, Clancy pre- 
sented the first month of survey data, based 
on responses from 98 women and 23 men. 
Women were far more frequently the tar- 
get of inappropriate sexual comments, 63% 
compared with 39% for men. Most trou- 
bling, 21% of women reported that they had 
experienced “physical sexual harassment 
or unwanted sexual contact.” One of the 
23 men did as well. Most of the 


reported abuse happened within 50% 
the team of researchers, usually 
perpetrated by someone higher 40% 
. * ( 
in the professional hierarchy. 

The true prevalence of abuse 
in the field is unknown, because 30% 
the survey respondents were 
self-selected. But John Hawks, a 90% 
an anthropologist at the Univer- 
sity of Wisconsin, Madison, who 
attended Clancy’s talk, points 10% 
out that male and female respon- 
dents witnessed the same reality. — gog 
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Speaking out. Bioanthropologist Kathryn Clancy 
and colleagues asked about fieldwork experiences. 


and publishing research ... can have potent 
consequences for academic careers,” Hinde 
writes in e-mail. 

Clancy’s team is expanding its survey to 
researchers in other areas of science. “I have 
had people from nonbioanthro field sites 
contact me,” she says. “This is definitely not 
limited to just my discipline.” 

Researchers in other fields say that they 
have run into similar problems. One sug- 
gests a simple remedy: “It seems that hav- 
ing a woman in charge of a field site has a 
positive effect,” says Mary Albert, a veteran 
earth scientist at Dartmouth College. Albert, 
who has spent months at remote sites drill- 
ing ice cores, says that she has been sexu- 
ally harassed and groped twice by senior sci- 
entists. “But never in the field. In my expe- 
rience, sexual harassment is worse in the 
office.” She adds that she started going into 
the field only as a senior scientist. 

The road ahead may be difficult for bio- 
anthropology, a traditionally male field 
where women are flooding in. Research has 
shown that sexual harassment is more likely 
to occur in an environment where females 
“are occupying typically male gender roles,” 
says Sandy Hershcovis, a psychologist at the 


“Who are the perpetrators?” 
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“Male students in the field had 
exactly the same distribution of 
perceptions about the presence 
and severity of abuses as did 
females,” he says. 

The reaction to the survey has been over- 
whelmingly supportive, Hawks says, but 
there are concerns about its impact. “I spoke 
to some very senior people in the field who 
are worried about how making this stuff 
public will damage public perceptions,” he 
says. But “it is time to do something about 
this problem.” Hinde points out that while 
U.S. laws prohibit sexual and racial dis- 
crimination, a victim may hesitate to take 
action. “Quitting a field site, not completing 


Unaffiliated 


Lower in Peer 


the hierarchy 


Harassment survey. Responses from 98 women and 23 men show 
that superiors may often be to blame. 


University of Manitoba in Winnipeg, Can- 
ada. “Men use sexual harassment to exert 
control, knock them down, or put them in 
their place.” It’s rarely about sex or attrac- 
tion, she says. 

Clancy’s survey is ongoing and has 
expanded to other areas of science that 
involve fieldwork. If you are a field scientist 
from any discipline, you can take the survey 
at http://bit.ly/fieldexp 13. 

-JOHN BOHANNON 
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Trachea Transplants 
Test the Limits 


More than a dozen ill people have received a bioengineered trachea 
seeded with stem cells during the past 5 years, but outcomes are mixed, 
and critics say the treatment may not do what its developers claim 


FIVE YEARS AGO, CLAUDIA CASTILLO WAS 
struggling to breathe. A severe case of tuber- 
culosis had damaged the 30-year-old Bar- 
celona mother’s airway so much that she 
couldn’t walk up stairs, much less keep up 
with her two young children. Out of other 
options, she agreed to help make medi- 
cal history when her surgeon offered her a 
radical proposal. In June 2008, she became 
the first patient to receive a trachea trans- 
plant that made use of her own stem cells— 
the most advanced example at the time of 
tissue engineering. 

The operation, she told various media 
in the following months, gave her back a 
normal life. It also made medical celebrities 
of the surgeons who developed and implanted 
the artificial trachea: Paolo Macchiarini, 
Martin Birchall, and their colleagues. They 
were hailed as pioneers leading the world 
toward an amazing future of regenerative 
medicine in which doctors will make replace- 
ment parts to order. Since then, 14 other 
patients have received bioengineered tracheas. 

However, almost all the cases so far have 
been done under “compassionate use” rules, 
in which untested procedures are allowed in 


seriously ill patients for whom conventional 
treatments are unlikely to help. That makes 
the outcomes more difficult to evaluate than 
if the procedures were performed as part of 
clinical trials. Indeed, some observers won- 
der if the clinical feats are really examples of 
successful tissue engineering that utilize the 
special abilities of stem cells—or an elab- 
orate temporary fix that is destined to fail. 
More worrisome is that at least two recipi- 
ents of these bioengineered tracheas have 
died under circumstances that that might be 
related to their transplants. 

“The motivation is more than noble,” 
says Harald Ott, a surgeon at the Massachu- 
setts General Hospital Center for Regenera- 
tive Medicine in Boston. “The surgeons are 
trying to help the patients.” However, data 
from animal studies using the technique are 
sparse, he and others note. “If you translate 
something [to patients] very quickly, you 
don’t have the luxury of getting the readout 
of what’s really happening. ... That’s why we 
do animal studies, so that we can see what 
happens inside the grafts.” In fact, one critic 
says it is impossible that the trachea implants 
are working as their makers propose, with 


Pushing forward. Paolo Macchiarini has treated more 
than a dozen patients with bioengineered tracheas. 


new cells taking over the structure and cre- 
ating living tissue. “The claims are hot air,” 
says Pierre Delaere, a head and neck sur- 
geon at the University Hospital Leuven in 
Belgium who has written two letters to The 
Lancet criticizing the work. 

Both Macchiarini and Birchall are trying 
to address the doubts about their approach. 
Now working independently, each has a 
major grant to conduct traditional clinical 
trials of stem cell-laden trachea scaffolds, 
one in Russia and another in the United 
Kingdom. And Macchiarini, who has won 
more than $10 million in grants from the 
European Union and Russia, has received 
U.S. Food and Drug Administration (FDA) 
approval to conduct the first such transplant 
in the United States. 

But Delaere, Ott, and others contend that, 
before pushing ahead with the clinical trials, 
the trachea pioneers should focus on under- 
standing what happens to the grafts over the 
long term. Failing to do so could endanger 
patients and ultimately damage the field, they 
say. Although these initial operations have 
been an important step forward, “‘they’ve got 
a lot of work to do to make a procedure that 
is available widely to patients,” says Alan 
Trounson, a stem cell researcher and presi- 
dent of the California Institute for Regenera- 
tive Medicine in San Francisco. “In the end, 
do we have tissue that’s going to be func- 
tional for the lifetime of the person? I’m 
unsure whether we really do.” 


A delicate balance 

Although at first glance the trachea might 
seem like a simple tube, its thin but 
cartilage-reinforced walls must stand up 
to near-constant use as a person breathes, 
clears his throat, or coughs. Any transplant, 
therefore, has to be strong enough to with- 
stand such pressures without collapsing. But 
a rigid prosthesis can rub against and dam- 
age the adjacent major blood vessels in the 
upper part of the chest, leaving a patient at 
risk fora fatal hemorrhage. At the same time, 
the natural blood supply for the trachea’s tis- 
sues is intricate, with vessels too small for 
surgeons to easily reconnect during a trans- 
plant operation. And because it is exposed to 
inhaled air, the wound between the implant 
and the remaining airway is especially vul- 
nerable to infection. 

Surgeons have tried for years to find ways 
around these challenges, without much suc- 
cess. When Castillo was hospitalized in Bar- 
celona in March 2008, Macchiarini, who 
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was then at the University of Barcelona’s 
Hospital Clinic, and Birchall, then at the 
University of Bristol in the United King- 
dom, had experimented with bioengineered 
transplants in pigs. They would take a tra- 
chea from a pig and remove its living cells 
to create a so-called decellularized scaffold. 
They seeded this with cells from the recip- 
ient pig: bone marrow cells on the outer 
layer, thought to help form new cartilage, 
and epithelial cells on the inside, which 
they hoped would regrow the trachea’s lin- 
ing. They allowed the cells 
to grow on the scaffold for 
several days in a bioreactor 
designed to provide different 
conditions for the two types 
of cells. They hoped that the 
decellularized scaffold would 
not require immunosuppres- 
sive drugs to prevent its rejec- 
tion and that the seeded cells 
would take over the removed 
cells’ roles, ultimately form- 
ing a living organ. 

The pig studies were still 
unpublished, but the research- 
ers had observed that the ani- 
mals could survive for 60 days 
with the implants. Castillo, 
who was suffering from recur- 
ring infections, was facing the 
possibility of losing one of her 
lungs. Macchiarini proposed 
that instead they try to replace 
part of her trachea using the pig-tested tech- 
nique, and she agreed. 

Birchall readily admits that when the 
operation took place, ““we were a million 
miles from what we thought we’d need to 
know before trying it in people.” Regula- 
tors in both Spain and the United Kingdom, 
where Birchall’s group seeded Castillo’s 
cells on a decellularized trachea from a 
deceased donor, eventually allowed the 
procedure without the kind of preclinical 
testing usually required. “We ran rough- 
shod over regulations—with permission,” 
Birchall recalls. “It wasn’t done to the high- 
est possible standards. But it worked, and it 
changed the way people think about regen- 
erative medicine.” 

The medical team was aware of the risks, 
he says. “We had the naive confidence of 
youth, I suppose. We believed that it would 
work. Paolo is a very courageous and skilled 
surgeon. His was the real courage. My job 
was to brave the regulatory environment and 
fit the science to what we needed.” 

The surgery went smoothly and was soon 
featured in news stories around the world. 
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As the researchers reported in The Lancet 
in December 2008, Castillo was released 
from the hospital without complications 
after 10 days; several months later, she could 
again walk several flights of stairs, care for 
her children, and had normal lung function. 

Complications arose a few months later, 
however, when Castillo’s airway narrowed 
again and collapsed, requiring doctors to 
insert a stent—a semiflexible tube—to keep 
her airway open. They removed it 6 months 
later, Macchiarini says, but she has had to 


Transplant success? Claudia Castillo, the first recipient of a bioengineered trachea, 
with her children several months after the 2008 operation. 


have several more inserted and removed over 
the past 5 years. He says she is now fine and 
has had her latest stent removed. “Thanks to 
regenerative medicine, she still has her both 
lungs and enjoys a superb quality of life,” 
Macchiarini says. “Thanks to her we have 
learned so much and opened the door for 
more advanced applications.” (Despite mul- 
tiple attempts to reach Castillo, she did not 
comment for this story.) 

Macchiarini, who moved to the Karo- 
linska Institute in Stockholm in 2010, says 
that he has treated eight more patients with 
decellularized and reseeded tracheas, three 
of them children. In six other patients, he has 
used a different technique, seeding cells ona 
synthetic scaffold made of a nanocomposite 
polymer designed to mimic cartilage instead 
of a donor trachea. 

Not all of the stories have happy endings. 
One of the children, Birchall says, died of 
the cancer that necessitated the operation in 
the first place, although “it gave her quality 
of life for the last few months.” Macchiarini 
says another adult patient also died of the 
cancer that had damaged the trachea. 
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At least two other patients have died sud- 
denly. One was a child who had massive 
bleeding into her chest after receiving one 
of the decellularized, reseeded tracheas; “we 
don’t really know what happened,” Birchall 
says. The other, Chris Lyles of Baltimore, 
Maryland, died on 5 March 2012 after receiv- 
ing a synthetic scaffold seeded with his stem 
cells in November 2011 in Stockholm. Lyles 
had returned to Baltimore in January and 
was apparently doing well initially. The fam- 
ily did not make his cause of death public, 
and according to Macchiarini, 
there was no autopsy, although 
he suspects pneumonia based on 
the medical report. 

But thoracic surgeon Alain 
Wurtz of the Lille University 
Teaching Hospital in France says 
both cases could also be consis- 
tent with the rupture of major 
blood vessel, which the implant 
might have caused. (Wurtz has 
treated several patients who 
need new tracheas by transplant- 
ing part of an aorta from a tissue 
bank into the neck.) 

The researchers have pub- 
lished two case reports in addi- 
tion to Castillo’s. In July 2012, 
Birchall and his colleagues 
described in The Lancet the 
2-year follow-up of the first child 
to receive a transplant. The paper 
notes that the boy, whose own tra- 
chea had never developed properly, needed 
several stents in the months following the 
transplant, but by 18 months his chest CT 
scan and lung function were normal and he 
had returned to school. 

In 2011 in The Lancet, Macchiarini and 
his colleagues described the 5-month follow- 
up of Andemariam Beyene, a geophysics 
graduate student in Iceland who had a large 
tumor growing on his trachea. He received 
the first synthetic scaffold. His current doc- 
tor, Tomas Gudbjartsson of Landspitali Uni- 
versity Hospital in Reykjavik, tells Science 
that Beyene has had several stents, but is 
healthy enough that he was able to complete 
his studies last year. The researchers have 
mentioned other patients in passing in sev- 
eral papers, but no formal reports have been 
published about their health, and Science has 
not been able to independently verify the 
current status of all the patients. 


Lingering questions 

What’s been published and presented at 
meetings so far hasn’t satisfied critics of 
the stem cell approach. “They should not 
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tell the world that they did the first syn- 
thetic organ transplantation,” Delaere says. 
Simply wrapping an artificial stent with 
tissue called omentum is known to be 
a temporary treatment for patients who 
need new tracheas and that, in essence, is 
what has happened in the recipients of the 
cell-seeded tracheas, Delaere contends. 
(Macchiarini and his colleagues wrap the 
transplants in omentum to reduce inflamma- 
tion and promote blood vessel growth.) “If 
they claim something miraculous, they have 
to show corresponding data. They don’t do 
that,” says Delaere, who has developed his 
own solution to damaged tracheas: taking 
an intact trachea from an organ donor and 
implanting it in the patient’s forearm for a 
few months, allowing new blood vessels to 
grow before it is transplanted into the neck. 
The Lancet reports, he charges, do not pro- 
vide convincing evidence that the graft is 
functioning properly. Wurtz agrees: “There 
is absolutely no detailed data about these 
patients,” he says. 

Macchiarini and Birchall, who is now 
at University College London, acknowl- 
edge that it is difficult to tell what exactly 
has happened inside the implanted tracheas. 
They say, though, that clinical outcomes are 
their primary concern and the current stable 
health of more than half of the recipients is 
strong enough evidence that the technique 
works. Both are now working on clinical tri- 
als of the technique, although they are no 
longer working together, in part because of 
a dispute over the contents and authorship of 
one of the transplant papers. 

In March, Birchall received a £2.8 mil- 
lion ($4.3 million) grant from the United 
Kingdom’s Medical Research Council to 
conduct a trial of decellularized and stem 
cell-seeded upper trachea and larynx, with 
roughly 10 patients. Macchiarini has already 
completed two transplants in Russia as part 
of a clinical trial—funded with a $6 million 
grant from the Russian government—that 
he says should eventually enroll 20 or 25 
patients. “We were allowed to do this type 
of transplantation only in extreme cases,” 
he says. “The clinical study for the first time 
gives us a chance to include patients who are 
not in such critical shape.” 

Macchiarini is also the lead investiga- 
tor on a 5-year, €4 million ($5.2 million) 
grant from the European Union to begin a 
clinical trial using decellularized tracheas 
and further develop the polymer scaffolds 
in large animal models. That project may 
need to be reorganized, however, following 
a legal dispute last year in Italy, where the 
transplants were supposed to take place— 
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Not so simple. The trachea 
extends from the larynx to 
the chest and is formed from 
a thin membrane supported 
by cartilage rings and sus- 
tained by blood vessels. 


Macchiarini had a part- 

time position at Careggi Hospital 

in Florence. In September, however, Italy’s 
financial police accused him of attempted 
extortion, and briefly placed him under 
house arrest, for allegedly telling a patient 
that he could receive treatment in Germany 
for €150,000. Macchiarini and his lawyer 
say that he was simply informing the patient 
of possible options, not demanding pay- 
ment. The main charges were soon dropped, 
but Macchiarini says that the charges 
stemmed from academic politics in Tuscany 
and he has severed ties with the hospital 
and university there. “There is no way to go 
back there.” 


A solid base? 
The questions that remain 5 years after 
Castillo’s transplant are highly relevant for 
the field of tissue engineering as a whole. 
When other researchers have used cell- 
seeded scaffolds to repair blood vessels, they 
have shown that it is not the seeded cells 
that ultimately populate the graft. Rather, 
the seeded cells produce signals that both 
dampen the body’s inflammation response 
to the transplant and attract other cells from 
surrounding tissue. These immigrants ulti- 
mately take up residence and form the new 
tissue (Science, 26 August 2011, p. 1088). 
No one knows whether something sim- 
ilar is happening in these engineered tra- 
cheas. The detailed analysis of the vascular 
implants was conducted in mice because it’s 
relatively easy to genetically tag mouse cells 


and trace where they end up. Mouse tra- 
cheas, however, are extremely small, mak- 
ing surgery impractical. Most of the animal 
studies on trachea replacement have been in 
pigs, sheep, and rabbits, and most research- 
ers have not attempted to find out exactly 
how the replacement trachea is repopulated. 

That is a missed opportunity, says 
Christopher Breuer, a pediatric surgeon at 
Nationwide Children’s Hospital in Colum- 
bus. Breuer has used cell-seeded grafts to 
repair severe heart defects in children and 
led the work in mice that demonstrated the 
details of how the grafts work. “I think it 
is important to take a step back and look at 
what is happening” in animal models before 

the clinical trials start, he 
says. “Ultimately, the 
half a step back 
will allow you 
to take many 
steps forward.” 
Macchiarini 
has done additional 
lab-based experiments 
to find out what happens 
to decellularized tracheas over time. After a 
year in saline solution, he and his colleagues 
found, human tracheas became significantly 
weaker and lost some of the microstructure 
that is thought to help new cells take up resi- 
dence and regenerate healthy tissue. “It’s not 
surprising. That’s physics in action,” says 
Doris Taylor of the Texas Heart Institute in 
Houston, a co-author on the study, which was 
published in Biomaterials last year. In the 
body, incoming cells probably mitigate the 
effect, she says, but the details are not clear. 

Those results, and the collapsing airways 
of Castillo and other initial transplant recip- 
ients, were what prompted Macchiarini to 
switch to the synthetic scaffold, developed 
by materials scientist Alexander Seifalian 
at University College London and other 
researchers. The Russian clinical trial is 
using the lab-made scaffolds, and this month 
Macchiarini is scheduled to implant one 
in a child for the first time. The patient is a 
2-year-old born with an undeveloped trachea. 
FDA has given its approval under its Inves- 
tigational New Drug rules, which allow for 
exceptions to full approval. 

But even controlled clinical trials won’t 
reveal as much as well-designed animal stud- 
ies, Ott says. That means that it is difficult 
for other groups to build on what has been 
published, he says. Taylor concurs. “We are 
never going to understand everything,” she 
says. “But we have to understand enough to 
make it reproducible, safe, and effective.” 

-GRETCHEN VOGEL 
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Chasing Ants—and Robots—to 
Understand How Societies Evolve 


Laurent Keller's passions go far beyond ants as he taps genomics, robots, 
and other approaches to answer evolutionary questions 


LAUSANNE, SWITZERLAND—Kenneth Ross 
still vividly recalls the day that Laurent 
Keller saved his life. Ross, an entomolo- 
gist at the University of Georgia, had been 
so focused on looking for fire ants in rural 
Georgia that he stepped into the 
road just as a logging truck roared 
by. Fortunately, Keller was quick 
enough to grab Ross out of the 
truck’s path. “TI can still smell the 
pine rushing past,” Ross says of 
the 1993 incident. 

Keller’s quick reflexes and 
decisive actions have held him in 
good stead in his science as well. 
At the time, Keller was a young 
Swiss postdoc with poor Eng- 
lish skills but a lot of enthusiasm. 
Twenty years later, at the Univer- 
sity of Lausanne, he has more 
than 280 publications that tes- 
tify not only to his language pro- 
ficiency but also to his ability to 
jump quickly into emerging fields 
and make early critical insights. 
“He always has a good feel for 
where a field is heading and is 
always at the forefront,” says 
Jiirgen Liebig, a behavioral ecol- 
ogist at Arizona State University, 
Tempe. That, coupled with per- 
sistent attention to key problems, 
has led Keller, 52, to success on 
multiple levels, including receiv- 
ing the E. O. Wilson Naturalist 
Award in 2005 from the Ameri- 
can Society of Naturalists. 

Almost 15 years ago, Ross 
and Keller came up with one of 
the first genes underlying social 
behavior. Just a few months ago, 
Keller’s team reanalyzed that 
“gene” and showed that it is actually a large 
segment of inverted DNA that encompasses 
600 genes. In the meantime, Keller delved 
into social conflict, crafting experiments that 
shore up key theoretical ideas about how soci- 
eties work. He also teamed with engineers 
and computer programmers to build robots 
that “evolved” social behavior. That work 
“planted the seeds for a whole new approach 
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to understanding social evolution,” says Gene 
Robinson, an entomologist at the Univer- 
sity of Illinois, Urbana-Champaign. Most 
recently, Keller’s lab has shifted into studies 
of collective behavior in ants, using a newly 


Social scientist. Laurent Keller is serious about his research on social behavior 
in insects, but colleagues say he also is fun to be with. 


developed tracking system that can follow up 
to 225 individual ants 24/7 for weeks at a time 
(see sidebar, p. 270). “We try to do stuff that 
[other] people don’t,’ Keller says. 

Keller “has a knack of picking important 
questions, picking the right system, and hav- 
ing the persistence in chasing them,” says 
Andrew Bourke, an evolutionary biologist at 
the University of East Anglia in the United 
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Kingdom. And his work has relevance far 
beyond ants. “Understanding how individ- 
ual behavior is specified in large groups [can 
lead] to principles of social organization that 
may explain the organization of other groups, 
including humans,” says University of Laus- 
anne neurobiologist Richard Benton. In ants, 
unlike humans, “you can test your hypotheses 
about how communication between individu- 
als is going to affect the group as a whole,” 
Benton adds. 


Tenacity 

As an undergraduate at the University of 
Lausanne, Keller knew he wanted to study 
social behavior in animals. Great 
apes were his first choice, but he 
realized that there would be a low 
return per hour of fieldwork. Zoo 
studies present an artificial envi- 
ronment. So he settled for ants. 

He became fascinated with fire 
ants, South American invaders 
that have spread rapidly across the 
southern United States in the past 
80 years. In particular, he wanted 
to understand why some fire ant 
colonies support a lone queen, 
while others form supercolonies 
with multiple queens. 

He struck up a close collabo- 
ration with Georgia’s Ross, at one 
point serving a joint postdoctoral 
fellowship with Ross and Harvard 
University’s famed ant researcher 
Edward O. Wilson. Several times 
during the late 1980s and 1990s, 
Ross and Keller traveled to Latin 
America, spending weeks on the 
road crisscrossing thousands of 
kilometers in search of native 
populations of fire ants. More 
than once, Keller, in his faulty 
Spanish, negotiated their way out 
of sticky situations—gauchos rid- 
ing up with guns drawn, or border 
police trying to shake them down 
for bribes. He explained to all 
comers that they were legitimate 
researchers and must continue 
their work—and he got his way. 
“He’s like a bulldog, he doesn’t 
give up,” Ross says. “He does the same thing 
with his science—he’s tenacious.” 

One example of that tenacity is his and 
Ross’s 15-year quest to understand the 
genetic basis underlying the multiqueen fire 
ant colonies. In 1997, lacking the technology 
to look for DNA differences, Ross had fin- 
gered a protein called Gp-9 that seemed to 
differ in ants from the two types of colonies. 
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In 1998, he and Keller showed that the still 
unidentified gene for Gp-9 had both a domi- 
nant and a recessive version, or allele. Work- 
ers with both versions of the allele accepted 
multiple queens, provided those queens also 
had both alleles. Otherwise the workers killed 
the extra queen. 

Gp-9 is an odor molecule found 
all over an ant’s surface. Yet, the dif- 
ferent versions of the gene seemed 
to also determine worker behavior, 
the colony’s social organization, and 
even the size of the queen. “It started 
to become difficult to think that it was 
a single gene for all of those traits,” 
Keller recalls. But at the time, Ross 
and Keller didn’t have the technology 
to explore further. 

Still, they kept the problem in 
mind. When the revolution in DNA 
sequencing put the genomes of many 
organisms within easy reach, Keller 
acted. In 2008, he helped organize 
the effort to decipher the genome of 
the fire ant Solenopsis invicta. Pub- 
lished in 2011, the genome paved 
the way for Keller to find out about 
Gp-9. Sequencing doesn’t physically 
place genes on chromosomes, so 
Keller used a technique called RAD- 
sequencing (Science, 25 February 
2011, p. 1006), which generates thou- 
sands of landmarks on chromosomes, 
to pinpoint Gp-9. Thus, he could see 
which genes were linked to it, as those linked 
genes might also be involved in prompting 
tolerance of multiple queens. 

To his team’s surprise, they found a 
13-million-base block around the Gp-9 gene 
that was passed down to offspring as a sin- 
gle unit—essentially a “supergene.” During 
reproduction, matching chromosomes from 
the male and female usually cross over and 
recombine to create new mixtures of alleles, 
but this doesn’t happen with this stretch of 
DNA. As the team reported in the 31 Janu- 
ary issue of Nature, the block, which contains 
more than 600 genes, is inverted with respect 
to the DNA on the matching chromosome, 
thereby preventing recombination. Thus, each 
parent’s contribution remains unchanged as it 
passes on to the next generation. “I was sur- 
prised it was so big,” says Keller, who dubbed 
the DNA a “social chromosome.” 

The discovery “opens an entirely new 
area of research for this system,” says 
Mathieu Joron, an evolutionary geneticist 
at the National Museum of Natural History 
in Paris. One challenge now is to determine 
which of those 600 genes set the stage for 
multiqueen colonies. 
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The Private Lives of Ants 


Danielle Mersch’s ants have no privacy. Six years ago as a graduate student in Laurent Keller's 
lab at the University of Lausanne in Switzerland, she had wanted to study circadian rhythms 
in ants but hadn't wanted to spend all day and night keeping track of them. So she and Keller 
teamed up with Alessandro Crespi, an engineer at the Swiss Federal Institute of Technology in 
Lausanne to develop a 24/7 surveillance sys- 
tem that promises to revolutionize their study 
of collective behavior in these insects. “It’s 
groundbreaking technology,” says lain Couzin, 
a system biologist at Princeton University. 

Online this week in Science (http://scim.ag/ 
DPMersch), Mersch, Crespi, and Keller describe 
using this system to reveal that ants cluster into 
cliques: Nurses that tend the queen and brood 
hang out in one part of the colony, while for- 
agers stick close to the nest entrance, with the 
two groups rarely interacting. Some organization 
was expected, but “I was surprised that they have 
such a strong spatial structure,” Mersch says. 

The paper's most significant advance, how- 
ever, may be the setup itself. Mersch struggled 
to find a suitable marker that would let a computer follow 
each ant and take data frequently. Many ant researchers 
paint colors on the ants’ abdomens to uniquely identify each 
one, but colors are hard to incorporate into an automated 
tracking system, especially one that has to operate in the 
dark. Radio tags don’t provide enough spatial resolution, 
Mersch says. Other automated trackers record data at long 
intervals, leaving gaps in coverage. 

Mersch settled on a set of 225 barcodes developed for 
video game developers and glued a barcode to each ant’s 
back; the ants seem to get used to their signboards. High- 
resolution cameras mounted above the ants’ home—a 
shoebox-sized nest box and foraging area connected by a 
tunnel—is synced with infrared lights that flash on twice 
a second. The digital images are immediately relayed to a 
computer, where software analyzes each ant’s position relative to other ants and computes their 
trajectories. Thus, Mersch can watch ants move in real time or days later. 

Typically, she starts with 200 ants and has the system observe them for 40 days. So far, she 
and her colleagues have spied on five species of ants. “It’s very important information when you 
want to investigate the dynamics within societies,” says systems biologist Guy Theraulaz of CNRS, 
the French national research agency, in Toulouse. 

About one-third of the colony works with the brood in one corner of the container as nurses; 
another third forages. Foragers turn out to have a daily rhythm, temporarily leaving the nest by 
night, but nurses don’t. Many of the rest may be housecleaners. Over time, nurses are likely to 
become housecleaners and, eventually, foragers, moving further out into the world as they age. 
“There's a clear behavioral trajectory,” Mersch says. Next, she plans on manipulating the social 
structure of the colony, say, by removing all the nurses, to see which ants take their places. 

“Until now, biologists have looked at the colony level,” Couzin says. “Now they can look at the 
life history of every individual in the colony. This offers a remarkable way of relating individual 
properties to collective properties.” -E. P. 


Ants at a glance. Ants wear- 
ing barcodes are tracked by over- 
head cameras that record the ants’ 
positions in their homes (bottom). 


Against the grain 

But Keller likes challenges. Although he says 
that he doesn’t take himself too seriously, 
beneath his broad smile and welcoming eyes 
is an intense, strongly opinionated man who 
doesn’t hesitate to speak his mind or criticize 


those around him. “He never seems to get 
angry, but will state very plainly and in a non- 
emotional way, ‘This is worthless,’ ” says his 
postdoctoral fellow Eric Lucas. Keller signs 
his reviews, so colleagues know whose blunt 
words helped make or break a paper. “Some 
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people are rubbed the wrong way,” Ross says. 

Several lines of inquiry in his lab have 
gone against the grain, including work on 
how insect caste is determined. “He’s really 
been looking at a variety of different species 
that get us thinking outside the box about 
ways to maintain different castes,” 
explains Andrew Suarez, an ant 
ecologist at the University of IIli- 
nois, Urbana-Champaign. 

Researchers had long assumed 
that environmental factors deter- 
mined whether a female social 
insect became a queen or a worker, 
as both types have the same set of 
genes. That’s how it works in honey 
bees. But in the mid-2000s, sev- 
eral exceptions emerged in ants. In 
each case, Keller’s group or others 
noticed unexpected genetic differ- 
ences, for example between queens 
and males. With such strange data, 
“most people would have given up,” 
says evolutionary biologist Daniel 
Kronauer of Rockefeller Univer- 
sity in New York City. “[Keller] 
noticed what was going on and 
what the implications would be.” 

Through a series of experi- 
ments, Keller’s team showed that 
these ants have an unusual reproductive biol- 
ogy. In one case, for example, workers were 
sexually produced—a combination of male 
and queen genetic material. But queens were 
parthenogenic and were clones of each other. 
And the queen’s DNA was discarded in male 
offspring, making all males clones of each 
other. “It’s as if you had two species’ genomes 
that only come together in the sterile worker,” 
Keller explains. 

In these cases, genetics, not environ- 
ment, determines caste, and Keller thinks 
that there may be many more such examples 
among social insects. But he says it’s taken a 
decade for his colleagues to accept this idea. 
“Many people are bad scientists,” he says 
bluntly. “When they get data that doesn’t fit, 
they do everything they can to throw out the 
interesting stuff.” 

Still, some others suspect that environ- 
mental factors, not genetics, are the key 
to caste most of the time. “It’s up in the air 
whether [genetic caste determination] is 
extremely rare or just occasional,” says evo- 
lutionary biologist Francis Ratnieks of the 
University of Sussex in the United Kingdom. 


Robotic stand-ins 

Some of his ideas defy current wisdom, but 
Keller, who is well established in an envi- 
able position in Lausanne, is not worried 
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Communication 101. In 
this evolution experiment, 
robots (glowing blue, 
above) move (inset) to 
find the “food” and signal 
other robots. 


about controversy. His office looks out on 
deep blue Lake Geneva, with the Alps as a 
backdrop. He’s never had a Swiss National 
Science Foundation grant proposal rejected, 
and with the money he has in hand right 
now— including €2.5 million for 5 years 


from the European Research Council— 
he can afford to take on risky projects and 
keep his 15 postdocs and students employed 
indefinitely. Just 50 kilometers away is his 
chalet, where he spends winter weekends 
skiing, sometimes with his two teenage chil- 
dren or members of his lab. Colleagues rave 
about how fun he is at meetings; several 
have photos of him dancing on a bar table 
late one night in Japan. 

That solid standing has helped Keller 
start unusual collaborations. Although his 
lab is adept at manipulating ants to under- 
stand their society, the researchers have been 
hard-pressed to come up with ant experi- 
ments that address how sociality arises in 
the first place. So a decade ago, Keller went 
across campus to the Swiss Federal Institute 
of Technology in Lausanne and teamed up 
with roboticist Dario Floreano. Together, 
they and their students harnessed robots and 
computer simulations to look at the early 
evolution of cooperation and communica- 
tion. “The robots are really valuable for 
understanding limits and constraints on evo- 
lutionary processes,” says Melanie Moses, a 
computer scientist at the University of New 
Mexico, Albuquerque. 

Each robot is built with a slightly differ- 
ent neural network connecting its infrared 
and vision sensors to its moving wheels. 
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These variations, surrogates for genetic 
differences, cause the robots to have slightly 
different behaviors. The researchers score 
the robots for how well they do retriev- 
ing large and small disks, and the most 
efficient ones are selected to continue and 
“reproduce”: In each successive 
round, the researchers increase 
the proportion of the best robots 
in the mix, adding clones that 
have slight variations reflective 
of what might happen during 
reproduction. 

At first, movements and disk- 
retrieval are random, but within 
150 generations the selection 
process leads to robots that excel 
at working together to retrieve 
large disks, the team reported in 
2010. The next year, 
they demonstrated 
that the robots even 
evolve altruism 
toward their closest 
relatives. The work 
showed how easy it 
is for cooperation 
to emerge in organ- 
isms lacking much 
of a brain. 

It doesn’t take much of a brain to evolve 
communication either, according to other 
work by the team. In these experiments, the 
robots have the ability to flash blue or red 
when they encounter “food.” Within 10 gen- 
erations, different sets of robots adopt dif- 
ferent signaling strategies—flashing one 
color to signal that they have found food, 
or using combinations of colors to signal 
food or no food. The simple system is more 
efficient when there is no competition. But 
when competing robots try to read the sig- 
nals, the complex codes are harder to break 
and thus more useful, the Lausanne team 
reported on 3 January 2012 in the Proceed- 
ings of the National Academy of Sciences. 
“TKeller] showed how a complex strategy 
can evolve and could beat simpler strate- 
gies,” Moses says. 

Floreano and Keller are coming up with 
ever more complicated ideas to test with 
robots and simulations, but Keller is most 
excited now about the new ability to fol- 
low individual ants in colonies. Even with 
genomics, robots, and a new tracking sys- 
tem under his belt, however, Keller says he 
still feels like a rolling stone whose direc- 
tion is not yet determined. “I hope in 5 years 
I’m starting to do new stuff that I am not 
even thinking about today.” 

-ELIZABETH PENNISI 
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Drought and China's Cave Species 


BETWEEN 2005 AND 2012, A CAVE BIODIVERSITY PROJECT, SUP- 
ported by the World Bank/Global Environment Facility (7), allowed 
Chinese and international scientists to survey the fauna of 117 caves 
in 32 parts of Guangxi Autonomous Region, China. Nearly 10,000 
cave specimens and over 500 species were collected, and 150 of these 
were unknown to science. Most species are limited to a single cave. 
It is increasingly clear that the cave fauna of southwestern China is a 
global hotspot of biodiversity (2). 

The impact of severe drought in southwestern China appears to 
be an example of how climate change and poor environmental man- 
agement can combine to cre- 
ate a biodiversity disaster (3). 
The impact on cave biodi- 
versity has been overlooked 
(4). Water resources in caves 
will decrease during drought 
seasons (5), especially when 
people are searching for and 
exstracting water. This will 
cause the endemic aquatic 
biodiversity to decline dra- 
matically, or even disappear. 
Because these species have 


In the dark. The Sinocyclocheilus 
rhinocerous lives in the cave of 
Luoping, Yunnan, China. 
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generally lost all pigmentation and are often blind, they are incapable 
of living outside the cave environment. Droughts affect many caves 
across southwestern China, and each hill or set of hills typically has its 
own endemic fauna (6, 7). 

This part of China and other karst regions in Asia and beyond 
have exceptionally range-restricted and acutely poorly known faunas, 
which are under threat from a range of climate change and human 
actions. We do not want to see a newly revealed global biodiversity 
hotspot lost before it is known. 
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Little Emperors Pose 


Behavioral Challenges 


IN RESPONSE TO OUR REPORT “LITTLE 
emperors: Behavioral impacts of China’s 
one-child policy” (22 February, p. 953), X. 
Zhao et al. argued that only children result- 
ing from China’s one-child policy (OCP) are 
successful relative to their peers (“China’s 
little emperors show signs of success,” 
Letters, 22 February, p. 905). However, our 
methodologies differ from those of the stud- 
ies that Zhao et al. cite. 

The papers cited by Zhao ef al. rely on a 
simple comparison of behavioral outcomes 
between only children and children who have 
siblings. It is unclear whether the observed 
behavioral differences (or lack of behavioral 


differences) reflect parental behavioral differ- 
ences or the effect of growing up without sib- 
lings. The effect of family background would 
be even more pronounced in families that had 
more than one child under OCP; these fami- 
lies would likely live in more rural environ- 
ments, be minorities, or be immune from 
OCP through wealth or political connections. 

We addressed this issue by compar- 
ing people born just before and just after 
OCP. Our instrumental variables method 
allows us to compare individuals who 
grew up as only children because of the 
OCP and who would have otherwise 
grown up with siblings, with individuals 
who were born just before the introduc- 
tion of the OCP and hence grew up with 
siblings. We analyzed and controlled for 


the possibility of sample bias in education, 
wages, and age. (More details can be found 
in the supplementary online materials 
of our Report.) To clarify the power of our 
approach, we compared our results with 
those one would find if one did not account 
for the endogeneity problem explained 
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above. In the section on “Evidence of 
Endogeneity” and in table S5 of our Report, 
we show that without the instrumental vari- 
ables approach, we would have found dif- 
ferences between the two groups only in the 
trust game. However, with our approach, 
we detected that growing up without sib- 
lings also has an impact on risk and compe- 
tition preferences. 

Our Report also differs from previous 
studies because it uses experimental tech- 
niques in addition to survey questions to 
measure behavioral differences. We con- 
ducted games from the economics literature 
that are designed to elicit altruism, the abil- 
ity to trust, trustworthiness, risk preferences, 
and competitiveness, allowing researchers 
to observe specific, well-defined types of 
behavior. Monetary incentives within the 
games were used, as experimental econo- 
mists argue that they provide greater moti- 
vation for participants to reveal their true 
preferences (/). Our data may thus serve 
as more reliable indicators of behavior than 
self-reported surveys. 
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Preventing Prejudice in 
Genome Profiling 


IN THEIR REVIEW (“DIAGNOSTIC CANCER 
genome sequencing and the contribution of 
germline variants,” special section on Cancer 
Genomics, 29 March, p. 1559), O. Kilpivaara 
and L. A. Aaltonen highlight the potential 
of whole-genome sequencing to revolution- 
ize cancer research, enabling predictions of 
oncological predisposition, risk profiling, and 
in turn, personalized cancer prevention strate- 
gies. We agree with the probable significance 
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of this technology, but believe that it must be 
implemented with care and caution. 

In current U.S. practice, racial inequality 
in access to health care is well documented 
(1). This has also been the case in global 
health. This prejudice extends beyond access 
to health care; therapy development has 
largely focused on diseases impacting higher 
socioeconomic groups, rather than those in 
resource-limited settings, who frequently suf- 
fer from the greatest burden of disease (2). We 
believe that advancements in genomic pro- 
filing may deepen this prejudice, promoting 
development of therapies more extensively 
targeted toward lucrative markets and popula- 
tions. This could result from population biases 
in existing reference genomic data as well as 


from the identification of targeted efficacy in 
trial cohorts from richer nations (3). 
Genomic sequencing—with its potential 
to identify patient risk and enable the gener- 
ation of personalized oncological therapies 
(“Cancer pharmacogenomics: Early promise, 
but concerted effort needed,’ H. L. McLeod, 
Reviews, special section on Cancer Genom- 
ics, 29 March, p. 1563)—must therefore be 
considered in conjunction with its potential 
limitations. Advances in this field must be 
accompanied by appropriate policy develop- 
ment to ensure equity in the collective end- 
points of the global pharmaceutical market. 
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CORRECTIONS AND CLARIFICATIONS 


Research Article Summary: “Optogenetic dissection of entorhinal-hippocampal functional connectivity” by S.-]. Zhang 
et al. (5 April, p. 44). The link for the supplementary materials is www.sciencemag.org/content/340/6128/1232627/suppV 
DC1. The HTML and PDF versions online have been corrected. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “ Drosophila Dosage Compensation Involves Enhanced Pol II 
Recruitment to Male X-Linked Promoters” 


F. Ferrari, Y. L. Jung, P. V. Kharchenko, A. Plachetka, A. A. Alekseyenko, M. |. Kuroda, P. J. Park 


Conrad et al. (Reports, 10 August 2012, p. 742) reported a doubling of RNA polymerase II (Pol II) occupancy at X-linked 
promoters to support 5’ recruitment as the key mechanism for dosage compensation in Drosophila. However, they 
employed an erroneous data-processing step, overestimating Pol II differences. Reanalysis of the data fails to support 
the authors’ model for dosage compensation. 


Full text at http://dx.doi.org/10.1126/science.1231815 


Comment on “Drosophila Dosage Compensation Involves Enhanced Pol II 
Recruitment to Male X-Linked Promoters” 


Tobias Straub and Peter B. Becker 


Conrad et al. (Reports, 10 August 2012, p. 742) reported that Drosophila dosage compensation might largely be due 
to increased recruitment of RNA polymerase II to promoters. A reassessment of the numerical operations revealed that 
the authors’ calculations are severely confounded by an inappropriate numerical procedure. A rectified analysis strongly 
suggests that the authors’ conclusions are not supported by their data. 


Full text at http://dx.doi.org/10.1126/science.1231895 


Response to Comments on “Drosophila Dosage Compensation Involves 
Enhanced Pol Il Recruitment to Male X-Linked Promoters” 


Juan M. Vaquerizas, Florence M. G. Cavalli, Thomas Conrad, Asifa Akhtar, Nicholas M. 
Luscombe 


Ferrari et al. and Straub and Becker wrongly claim that an error in the computational analysis calls into question the con- 
clusions of Conrad et al. All the available evidence, including the reanalyzed genomic data, shows that the conclusions 
and the key message of the study remain unchanged: RNA polymerase II recruitment to male X-linked promoters is an 
important regulatory step during dosage compensation. 


Full text at http://dx.doi.org/10.1126/science.1232874 
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GEOPHYSICS 


Did You Feel It? 


Gregory C. Beroza 


Tx grip that earthquakes have on our 
imagination is expressed by the pen- 
etration of seismological vocabulary 
into wider use. Extreme events—if they’re 
sufficiently disruptive—are described as 
“like an earthquake.” “Seismic” is used as an 
emphatic synonym of “significant.” The point 
of origin of an unfortunate event is referred to 
as “the epicenter.” The worst 
conceivable disasters are 
described as “the Big One.” 
At their worst, earthquakes 
are the most extreme, sudden- 
onset disasters humankind 
has had to deal with. Nothing 
else has caused such devasta- [MG 
tion on such a large scale so 
quickly. Earthquakes are yet 
more unnerving because they 
refute the notion of terra firma, occur with- 
out warning, and progress from barely per- 
ceptible to violent in seconds. Fortunately, 
large earthquakes occur infrequently. But that 
makes them unfamiliar to those who have the 
misfortune to be caught in them, difficult to 
prepare for, and challenging to study. 

The Earthquake Observers traces the 
emergence of seismology from the aftermath 
of the 1755 Lisbon earthquake through the 
development of the local magnitude scale 
in 1935. Historian Deborah Coen (Barnard 
College) draws on a surprising number of 
luminaries who have commented on earth- 
quakes or used them as metaphors for other 
events. These include the usual suspects (e.g., 
Alexander von Humboldt, 
Charles Darwin, John Muir, 
and Mark Twain) already 
well known to seismologists 
but also others (e.g., Imman- 
uel Kant, Charles Dick- 
ens, Friedrich Nietzsche, 
Ernst Mach, and Karl Pop- 
per) whose intersections 
with earthquakes are less 
familiar. In documenting 
the history of early seismic 
observations in Scotland, 
Switzerland, Austria, and 
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The Earthquake Observers 
Disaster Science from 
Lisbon to Richter 


by Deborah R. Coen 
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California, the author demonstrates how the 
approach, and even the goals, of earthquake 
science are intertwined with and influenced 
by their historical and political context. The 
book is well written, the documentation 
meticulous, and the depth of research impres- 
sive. At many points in the narrative, I mar- 
veled at the extent of the relevant material 
Coen has unearthed. 

The book’s central theme 
is that seismology began as a 
broadly participatory enter- 
prise, with the public provid- 
ing essential information on 
the location and character of 
earthquakes, but in its shift 
to a quantitative field driven 
by instrumentation and anal- 
ysis, something important 
was lost. Although Coen focuses on seismol- 
ogy, she also touches on other highly relevant 
efforts, such as understanding weather, where 
citizen-scientists have played important roles. 
The chronology of attempts to recruit ama- 
teur earthquake observers that Coen assem- 
bles to make her case is fascinating, and on 
that basis alone the book is worth reading. 
Seismologists will recognize the origins of 
tensions in the field that exist to this day, such 
as the distinction between regional and tele- 
seismic earthquake monitoring, in the early 
development of the field. 

Coen chronicles many attempts of observ- 
ers to document the direction of approach of 
seismic waves and the direction of shaking 


Dramatized depiction. “Earthquake wave at Lisbon,” the frontispiece from (4). 


during an earthquake as clues to the quake’s 
point of origin and physical mechanism. The 
futility of these efforts, given the variety of 
seismic waves with differing polarizations, is 
obvious to seismologists (in retrospect), and 
I found reading about these earnest attempts 
interesting but a bit painful. In recounting 
them, the author (perhaps unwittingly) makes 
the case for an instrumental approach. 

It’s natural that scientists seek to quan- 
tify earthquakes to the extent possible, and 
instrumentation is essential to that effort. 
In the early 19th century, the technology to 
record ground-shaking with fidelity did not 
exist. Until the dawn of the 20th century, 
accounts of eyewitnesses and the effects of 
earthquakes on structures were all that was 
available. As instrumentation improved to 
the point where quantitative analysis of seis- 
mograms was possible, it was inevitable that 
the emphasis of earthquake science would 
shift, and we’re better informed as a result. 
Advances in instrumentation underlie most 
of what we have learned about earthquakes— 
from locations precise enough to define the 
three-dimensional geometry of faults to 
quantification of the intensity of shaking used 
for earthquake-resistant design. Recent dis- 
coveries, such as the diversity of slow earth- 
quakes, continue to drive the field in unantici- 
pated directions and are only possible through 
improved instrumental observing systems. 

That’s not to say that there isn’t an impor- 
tant role for public contributions of the sort 
that Coen extols. There are, after all, billions 
of people and only thousands of earthquake- 
monitoring sensors. Internet technology lets 
researchers recruit help from interested citi- 
zens on a massive scale. For example, the 
U.S. Geological Survey’s Did You Feel It? 
website (/), which gathers reports of shak- 
ing, received over 77,000 responses for the 
2010 El Mayor—Cucapah 
earthquake. Data from the 
system have demonstrated 
that the crust in the east- 
ern United States trans- 
mits seismic waves more 
efficiently than in the West 
and even revealed the sig- 
nature of postcritical reflec- 
tions off the Mohorovicic 
discontinuity in people’s 
perceptions of the strength 
of shaking (2). The Inter- 
net has also enabled a new 
hybrid citizen-expert model 
in which telemetry from 
volunteers and inexpensive 
sensors embedded in, or 
connected to, personal com- 
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puters are used to form earthquake monitor- 
ing networks (3). The author briefly mentions 
Did You Feel It? but does not highlight the 
return of citizen science that it represents, as 
I expected she might—perhaps because her 
account ends with the introduction of Rich- 
ter’s local magnitude scale in the 1930s. 

Ultimately, Coen is on the mark in saying 
that the science of earthquakes needs a strong 
human element. The Kantian ideal of earth- 
quake studies—expressed in The Earthquake 
Observers, by a quote from Kuno Fischer, 
as “focused squarely on the lawful necessity 
of nature”—is a useful approach but incom- 
plete without considering the effects of earth- 
quakes on people. The public, after all, is at 
risk from earthquakes, and there is no substi- 
tute for public participation in comprehend- 
ing and mitigating that risk. 
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SCIENCE FESTIVALS 
Serpentine Figures 
in Edinburgh 


Deborah Dixon and Elizabeth Straughan 


Ti year marks the 25th anniversary of 
the Edinburgh International Science 
Festival, an event that showcases the 
past, present, and possible future of scientific 
discovery and, in particular, the many contri- 
butions of Enlightenment Scotland. Draw- 
ing on archives and expertise from a wealth 
of sites across the city (from the University 
of Edinburgh to the National Botanic Gar- 
den) and using a series of atmospheric spaces 
(from St. Giles Cathedral to St. Andrews 
Square), the festival emphasizes not so much 
the role of science in culture as science as 
culture. 

The festival accomplishes this under- 
standing of science as culture in diverse 
ways. It is an engine for the public commu- 
nication of science, accomplished through 
learning activities, talks, debates, and exhibi- 
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Jason Hackenwerth’s Pisces (2013). 


tions. Key participants in these endeavors are 
the blue-t-shirted science communicators, 
who explain how science underpins all man- 
ner of everyday activities and objects, from 
cooking to plastic bags. The festival also dis- 
plays a sustained emphasis on what it is like 
to practice science, most evi- 
dent in the hands-on activities 
on offer at the City Art Centre, 
from unwrapping mummies to 
building robots. In addition, 
it includes a series of events 
that explicitly seek to break 
down the notion of a distinc- 
tion between the sciences and 
the arts—by referencing a shared sense of 
curiosity and wonder, certainly, but also by 
illustrating how ideas and concepts from both 
traditions have been and are being translated, 
reworked, and reconfigured. 

Two such translational events, in which sci- 
entific ideas and concepts become manifest in 
an artistic medium, have been introduced into 
the Grand Gallery of the National Museum 
of Scotland—a three-story, glass-and-cast- 
metal concourse with wraparound balconies 
that formerly was the foyer to the Edinburgh 
Museum of Science and Art (1866-1904). 
Artist Jason Hackenwerth’s Pisces (2013) is 
a site-specific latex and air sculpture that was 
assembled from balloons in the Grand Gal- 
lery and then hoisted up and hung from the 
ceiling. The piece draws on Hackenwerth’s 
prior work, wherein the balloon scaffolding 
and tumescent forms reference marine and 
insectoid organisms that loom large above 
an audience yet retain an airy, playful qual- 
ity. In addition, Pisces very much responds to 
the content and form of the Gallery space, as 
its tightly wound curves replicate what math- 
ematician Jacob Bernoulli called the Spira 
mirabilis (marvellous spiral), displayed in the 
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shell collection on the museum’s third floor. 
The undulating surfaces of Pisces also reflect 
the rounded, Romanesque Revival arches of 
the Gallery’s roof and supports. 

Curves, and their reiteration, are also 
central to Chaos and Contingency (2013), 
a performance by the Janis Claxton Dance 
Company, with a cast of nine dancers from 
Scotland and China, and music composed 
by Philip Pinsky. Although the dance is 
performed on the ground floor, it has been 
designed with the Grand Gallery’s archi- 
tecture of vision in mind, as each balcony 
affords a differing view of the cluster- 
ing and dispersal of bodies. At the outset 
of the piece, the dancers slowly spread out 
with a synchronization that sees them gen- 
tly lift their arms, twist their bodies, and 
raise their heads skyward. Such mirroring 
does not last, however, as individually and 
in groups the dancers introduce small varia- 
tions in both pose and pace; these in turn are 
mirrored and varied as the dance proceeds. 
There is an animal physicality to how the 
bodies swirl, roll, swerve, and almost col- 
lide. It is this fleshiness that 
suggests a tension between a 
disciplining of the body (and 
of the collective) and a con- 
tinual evolution of form. 

Both Pisces and Chaos 
and Contingency can be con- 
sidered examples of what 
art historians call the figura 
serpentinata (serpentine figure). In them, 
swirling convex and concave shapes blur 
the boundaries between organisms, unifying 
those into a new body that challenges prior 
taxonomies but that also finds a balancing 
point wherein each element occupies a new 
resting place. This serpentine figure finds 
resonance in various scientific concepts and 
models, from the double helix of DNA to the 
spiraling arms of galaxies. Yet, as the archi- 
tectural theorist, landscape designer, and art- 
ist Charles Jencks reminded the audience at 
his 23 March lecture, “Landforms,” art and 
science are not themselves in an equal dia- 
logue. Where science holds the upper hand 
in regard to content—that is, in its exquisite 
and highly specialized descriptions of how 
the universe works—art retains the power 
of the spectacle. Although metaphors such 
as the serpentine figure provide something 
of a common ground between art and sci- 
ence, there is no resolution. Nor is there a 
point around which the two can be counter- 
balanced. Perhaps it is this irresolution and 
falling apart—this very asymmetry—that 
animates such interdisciplinary efforts? 
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Opportunities and Challenges 
in Next Generation Standards 


E. K. Stage, '* H. Asturias, 'T. Cheuk, ? P. A. Daro, ?S. B. Hampton? 


represent understood how human activity 

impacts Earth, including climate. And 
imagine that they had learned how to evaluate 
claims, argue from evidence, and understand 
models. These understandings and practices 
are prominent in the U.S. National Research 
Council (NRC) framework to guide the next 
iteration of standards for U.S. elementary and 
secondary school students (/). We discuss 
how aspects such as authorship, coordina- 
tion among subject areas, and broader goals 
of college and career readiness give reason to 
believe that this effort will be more success- 
ful than previous attempts to use standards to 
improve science education (2). 

Concurrent development in English Lan- 
guage Arts (ELA) (“literacy”) and Mathemat- 
ics, under the Common Core State Standards 
(CCSS) (3, 4), has provided the opportunity 
to build on the strengths of these literacy and 
math documents from a science education 
perspective. Closely following the CCSS, the 
Next Generation Science Standards (NGSS) 
are being developed by Achieve, a nonprofit 
organization, working directly with 26 lead 
states (5). This structure acknowledges that 
the standards will be adopted and imple- 
mented at the state level. 

Past educational standards were devel- 
oped by professional organizations on behalf 
of scientists and educators and in different 
subject areas independently, yielding more 
material than any K-12 school system (kin- 
dergarten to high school) could teach well (6, 
7). Now there is a call for “fewer, clearer, and 
higher” standards (8). 


[== that politicians and the people they 


Building on Literacy and Math 

The CCSS focus not only on what it will 
take to become a successful student in higher 
education but also a successful employee. 
Broadening the scope in this way, skills and 
abilities that support civic participation are 
explicit in the standards. Reading standards 


ALawrence Hall of Science, University of California, Berkeley, 
Berkeley, CA 94720, USA. Graduate School of Education, 
Stanford University, Stanford, CA 94305, USA. *National 
Center on Education and the Economy, Washington, DC 
20006, USA. 


*Corresponding author. stage@berkeley.edu 


M1. Make sense of problems 
and persevere in solving them 
M2. Reason abstractly and 
quantitatively 

M6. Attend to precision 

M7. Look for and make use 

of structure 

M8. Look for and express 
regularity in repeated 
reasoning 1 


Goals for literacy, math, and science education 
may increase citizens’ capacity to argue from 


evidence. 


$2. Develop and use models 


M4. Model with mathematics 
$5. Use mathematics and 
computational thinking 


E2. Build a strong base of 
knowledge through content-rich 
texts 

ES. Read, write, and speak 
grounded in evidence 

M3 and E4. Construct viable 
arguments and critique 
reasoning of others 

$7. Engage in argument from 


S1. Ask questions and 

define problems 

$3. Plan and carry out 
investigations 

S4. Analyze and interpret data 
S6. Construct explanations and 


\ design solutions 


} . 
$8. Obtain, 
evaluate, and 
communicate 
information 


E6. Use technology 

and digital media 

strategically and 

capably 

M5. Use appropriate 
tools strategically 


evidence 


E3. Obtain, 
synthesize, and 
report findings 
clearly and 
effectively in 
response to task 
and purpose 


E1. Demonstrate independence in reading complex texts 
and in writing and speaking about them 

E7. Come to understand other perspectives and cultures 
through reading, listening, and collaborations 


ELA 


Relations and convergences in literacy (3), math (4), and science and engineering (1) practices. 


Adapted from (22). 


give earlier and more extensive treatment of 
informational text than in the past. This is 
echoed in the writing standards; “The abil- 
ity to write logical arguments based on sub- 
stantive claims, sound reasoning, and rele- 
vant evidence is a cornerstone” (9). Writing 
standards include in-depth research with an 
emphasis on analysis and presentation. Stan- 
dards for speaking and listening include 
“Integrate multiple sources of information 
presented in diverse formats and media (e.g., 
visually, quantitatively, orally) in order to 
make informed decisions and solve prob- 
lems, evaluating the credibility and accuracy 
of each source and noting any discrepancies 
among the data” (3). 

We see a similar emphasis on reasoning 
and problem-solving in the math standards. 


Comparisons with high-performing countries 
find that spending more time on fewer topics 
gets better results. Thus, the math standards 
emphasize focus and coherence rather than 
covering topics in a curriculum that is a “mile 
wide and an inch deep” (/0). Greater depth in 
each topic comes from students’ development 
of mathematical expertise defined by eight 
standards for mathematical practice. 

The math standards take an overdue 
step toward greater synergy with science by 
introducing modeling in secondary grades. 
The math standards define modeling as “the 
process of choosing and using appropriate 
mathematics and statistics to analyze empiri- 
cal situations, to understand them better, and 
to improve decisions” (4). The elaboration of 
the basic modeling cycle resonates with the 
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writing standards and with the science prac- 
tices, e.g., “(5) validating the conclusions 
by comparing them with the situation, and 
then either improving the model or, if it is 
acceptable, (6) reporting on the conclusions 
and the reasoning behind them. Choices, 
assumptions, and approximations are pres- 
ent throughout this cycle” (4). 

Literacy and math standards include prac- 
tices that are challenging to teach in science 
without support from teachers of other sub- 
jects. Standards for Speaking and Listening 
include, “Evaluate a speaker’s point of view, 
reasoning, and use of evidence and rheto- 
ric” (3). Standards for Mathematical Practice 
include, “Construct viable arguments and 
critique the reasoning of others” (4). 


Operationalizing Inquiry 

In this promising context, science standards 
have been drafted, working from the NRC 
framework, that operationalized “inquiry” 
with eight practices of science and engineer- 
ing: (i) asking questions and defining prob- 
lems; (ii) developing and using models; (iii) 
planning and carrying out investigations; (iv) 
analyzing and interpreting data; (v) using 
mathematics and computational thinking; 
(vi) constructing explanations and designing 
solutions; (vii) engaging in argument from 
evidence; and (viii) obtaining, evaluating, 
and communicating information (2). 

The framework attempted to narrow the 
number of core disciplinary ideas, although 
reviewers of draft science standards have 
said that the volume of content undermines 
the sense making required by the practices 
(/1). The framework retained the idea of 
crosscutting concepts (e.g., structure and 
function, stability and change of systems), 
and argued that practices, core disciplinary 
ideas, and crosscutting concepts should not 
be taught or assessed separately from each 
other. Each draft science performance expec- 
tation incorporates one or more disciplinary 
idea, practice, and/or crosscutting concept. 
These performance expectations also cross- 
reference the literacy and math standards; 
the convergence is shown in the chart (/2). 

Science educators have decried the com- 
mon practice of reading textbooks instead 
of doing investigations; the former is still 
alive and well (/3). Literacy educators are 
concerned about increased emphasis on 
informational text in the CCSS (/4). It is 
time to embrace the coherence and learning 
that can be achieved by making meaning- 
ful connections between and among direct 
experience with science and engineering 
practices and reading, writing, speaking, 
and listening (/5). 
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What's Next? 

Forty-five states have adopted the CCSS. 
If a substantial number of states adopt the 
NGSS, it increases the likelihood that devel- 
opers and publishers of instructional and 
assessment materials will focus on creat- 
ing a common set of tools, at least at ele- 
mentary and middle grades. If colleges and 
universities accept high school courses that 
are based on the standards and the College 
Board continues to revise the Advanced 
Placement syllabi, high schools are more 
likely to follow them. 

In addition to sufficient time and 
resources for educators and parents to learn 
how to support these more ambitious expec- 
tations, there are several challenges that sci- 
entists, educators, and policy-makers should 
consider. Advocates for high-quality science 
education for all students need to participate 
in conversations at the local and state level 
where educational policy is enacted. Scien- 
tists from higher education, research organi- 
zations, and corporations influence science 
education and can align their contributions 
with educational goals in the standards. 

Historically, the United States has pro- 
vided limited opportunity to learn science 
to most of its students and advanced training 
to a privileged few, focusing on the pipeline 
for future scientists and innovators without 
concomitant attention to a science literacy 
for citizenship. The system needs to be trans- 
formed to affirm high standards of accom- 
plishment for all students and to provide 
resources for all students to reach them (8). 

Although the literacy and math standards 
were widely adopted, and 26 states have served 
as partners in developing NGSS, momentum 
may be slowing; some states may reject the 
NGSS because of the inclusion of evolution 
and climate change (/6). The National Center 
for Science Education, a defender of teach- 
ing evolution for more than three decades, 
broadened its mission to include the defense 
of teaching climate science. 

Science education benefits from the 
learning sciences; scientists interested in 
the most effective teaching of science need 
to learn from education research. Formal 
schooling has been criticized as ineffective 
at motivating and inspiring students (/7) 
and inadequate at recognizing the relation 
between interest and accomplishment (/8). 
The NGSS can provide a platform for for- 
mal education to become more motivating. 
Many people are inspired by science in infor- 
mal settings; parallel attention to the NGSS 
can contribute to “a wide-ranging and thriv- 
ing ecosystem of opportunities that respond 
to the needs of children as well as commu- 
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nities” (/9). Education and public outreach 
activities associated with research grants, 
whether in or out of school, should pro- 
vide both preparation and inspiration. Local 
school districts, after-school providers, and 
informal science institutions need to create 
a coherent strategy for the regional science 
learning ecosystem. 

This new round of standards develop- 
ment is an opportunity to improve science 
education that comes around once for each 
generation. We need to inform ourselves, 
figure out whether and how we want to 
get involved, and be intentional about our 
participation. 
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Driven by Diversity 


Joan Ferrini-Mundy 


iversity of perspectives, ideas, and 

priorities comes from varied back- 

grounds, experiences, and cultures, 
and can help shape science and engineering. 
As science increasingly is done in teams, 
collaborations bring diversity to research. 
Diverse experiences and interactions can 
support cognitive growth and critical think- 
ing (/), can benefit problem-solving (2), and 
are priorities among STEM (science, tech- 
nology, engineering, and math) businesses 
for global competition (3). 

Currently, U.S. STEM education efforts 
are not fully drawing upon the full scien- 
tific potential of all demographic groups 
and populations. Hispanics, African Ameri- 
cans, and American Indians and/or Alaska 
natives made up 26% of the general popu- 
lation, but only 9% of STEM workers, and 
11% of STEM degree holders in 2008 (4). 
Without change and a strong inclusion cul- 
ture to increase the representation of women 
and minorities, the STEM workforce will 
not reflect the broader U.S. population, pos- 
ing a challenge to economic efficiency and 
social equity (5). We must embrace and 
encourage more comprehensive and strate- 
gic approaches in order to advance diversity 
and inclusion in the STEM workforce and 
beyond. 


How to Provide the STEM Workforce 

for Tomorrow? 

Equitable opportunity to learn from excellent 
K-12 teachers. The distribution of STEM 
teacher expertise in high-needs schools 
from kindergarten to high school (K-12) is 
an issue. As of 2012, 69% of science teach- 
ers in low-poverty schools had advanced 
degrees versus 49% in high-poverty schools 
(4). Research is needed to better under- 
stand how teacher background, knowledge, 
and preparation relate to effective teaching. 
Advanced secondary school courses, such as 
physics and calculus, are disproportionately 
offered in schools with lowest Black and His- 
panic enrollments (6). Unless all youth in all 
schools have the opportunity to learn sig- 
nificant STEM in their early years, it seems 
improbable that students will be prepared, 
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either in adequate numbers or with appropri- 
ate knowledge of content and practices, to 
make choices leading to successful STEM 
careers. State-led efforts to implement Com- 
mon Core State Standards and Next Genera- 
tion Science Standards have potential to lead 
to common opportunity to learn for all stu- 
dents. 

Widespread opportunity to engage in 
authentic, inspiring STEM learning inside 
and outside of school. Young children’s think- 
ing about science is “sophisticated”; they can 
understand and reason about complex STEM 
concepts (7). All children should have oppor- 
tunities to be engaged in challenging STEM 
learning activities. Students who have the 
chance to participate in authentic experi- 
ences that model the excitement and rewards 
of STEM have a good start toward entering 
STEM pathways (8). Outside-of-school or 
“informal” STEM learning environments 
such as museums, science centers, and media 
settings can “make science accessible, mean- 
ingful, and relevant for diverse students by 
connecting their home and community cul- 
tures to science” (9). Students who are able 
to develop strong science identities and self- 
efficacy are more likely to persist in STEM 
(0); continued attention to developing these 
qualities in all learners is warranted. 

Recruit and retain a wide diversity of 
students into undergraduate STEM courses 
and majors. Women and minorities make 
up about 70% of college students but only 
receive about 45% of STEM degrees (//). 
Recommendations to retain undergraduate 
STEM majors include catalyzing the adop- 
tion of evidence-based teaching practices 
and addressing the mathematics preparation 
gap (//). College students are less likely to 
leave a STEM discipline if they have had 
the opportunity to engage in research with a 
professor, with strongest impact on African 
American students and second-year under- 
graduates (/2). 

Preparation for all graduate students 


for the international science workplace. 


The nature and practice of science and col- 
laboration are changing more rapidly than 
ever. The number of articles with authors 
from multiple institutions and countries has 
increased (4). International collaboration is 
already a norm for scientists. Stronger career 
preparation is needed, with professional 


Evidence is growing on benefits, and 
approaches, to increase diversity in the 
science and engineering workforce. 


development in innovation, communication, 
and enhanced collaborations with industry 
(13, 14), and international experiences when 
possible. 

Vannevar Bush (/5), writing about 
increasing the scientific capital of basic 
research, said “First, we must have plenty 
of men and women trained in science, for 
upon them depends both the creation of new 
knowledge and its application to practical 
purposes.” The National Science Foundation 
remains committed to broadening participa- 
tion because it is essential for the nation’s sci- 
entific progress. 
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3D Mapping in the Brain 


Caswell Barry’? and Christian F. Doeller’ 


hat’s it like to be a bat? If a rat 
could fly and echolocate, would 
it navigate and determine its posi- 


tion in the same way? In other words, could 
the rat truly understand three-dimensional 
(3D) space? Or is a bat’s brain functionally 
specialized for life in the air? On pages 367 
and 363 of this issue, Yartsev et al. (/) and 
Heys et al. (2) examine the neural encoding 
of 3D space and basic neuronal processing in 
bats and discover fundamental differences in 
the way species represent their own location. 

In the mammalian brain, the ability to 
remember and navigate through space has 
been linked to the hippocampus. The best 
evidence for this association lies with hippo- 
campal neurons called “place cells,” which 
represent an animal’s position (3). How- 
ever, ground-dwelling rodents have provided 
the dominant model for such spatial stud- 
ies, leaving open the question of whether 
the hippocampal representation of space 
truly extends into 3D. Furthermore, it is also 
unknown if the strong theta-band (6 to 12 
Hz) modulation of hippocampal electrical 
activity (4), which is thought to contribute to 
the spatial response of place cells in rodents 
(5), plays a similar role in other animals. By 
describing hippocampal electrical activity in 
flying bats and in isolated bat medial ento- 
rhinal cortical tissue (the entorhinal cortex is 
a major cortical input to the hippocampus), 
Yartsev ef al. and Heys et al. find that bats 
exhibit 3D “place fields,” without any appar- 
ent theta-band modulation in the hippocam- 
pus or in the membrane potential resonance 
of specific entorhinal inputs to the hippo- 
campus (see the figure). 

Place cells have been characterized in ani- 
mals as phylogenetically diverse as rats (3), 
humans (6), and crawling bats (which can 
move slowly on all fours) (7). Place cells 
represent an animal’s location with spatially 
selective patterns of electrical activity— 
each cell “firing” only when the animal is in 
a specific position, its place field. Typically, 
place fields are stable and distributed across 
the environment. A population of place cells 
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thus provides a map-like representation of 
the animal’s world (3). This representation is 
impressively flexible—a new map is quickly 
generated in a new environment. Attempts 
with rodents to determine if place cell activ- 
ity is modulated in 3D could not truly explore 
volumes of space. Rats trained to climb on a 
vertical peg board and staircase showed that 
place cell firing was weakly modulated in the 
vertical dimension (8), but it was unclear if 
this constituted a real 3D space code. Yartsev 
et al. tackled this question by recording from 
fruit bats as they flew around a large cage— 
a technically impressive feat requiring wire- 
less, light-weight recording equipment and 
multiple tracking cameras. The authors dem- 
onstrate that the hippocampal spatial code 
is indeed 3D—the bats had place fields that 
were confined to specific, evenly distributed 
volumes of the cage with no tendency to be 
compressed in any one dimension. Although 
the 3D place fields were stable for several 
hours, it is unclear if they exhibit the long- 
term stability of 2D fields and if they can rap- 
idly form new representations when the ani- 
mals enter a new space. 

Does the bat hippocampus use the same 
mechanisms to construct space as the rodent 
hippocampus? A key functional difference 
revealed by Yartsev ef al. is that bat place cells 
exhibit no theta-band modulation of their 
spike trains—in rodents, this rhythmic mod- 
ulation of neuronal firing is evident whenever 
the animals are in motion (4). Indeed, sev- 
eral computational models describe the spa- 
tial activity of grid cells (9), an input to the 


Bats and rats use different neural maps to 
navigate in their natural spatial surroundings. 


Maps in rats and bats. (Right) As a rat is navigating 
in 2D space, there is strong electrical activity in hip- 
pocampal place cells and grid cells in the medial ento- 
rhinal cortex accompanied by theta-band oscillations. 
(Left) As a bat navigates in 3D, there is low-frequency 
and lower-power oscillations in these neurons. Color 
patches indicate 2D and 3D place fields in space where 
neurons signal the animal's position, providing either a 
2D or a 3D map of the animal's world. 


hippocampus, in terms of theta-band oscil- 
lators (5). Grid cells are neurons in the 
medial entorhinal cortex, and like place 
cells, exhibit stable spatially constrained fir- 
ing, but tessellate the environment with an 
array of regularly distributed firing fields. 
Again, grid cells appear to be a mammalian 
phenomenon—they are found in rodents 
(9), and similar spatial representations 
exist in humans (/0). The spatial grid array 
can be described as an interference pattern 
occurring between theta-band oscillations 
in grid cells or their inputs, the frequen- 
cies of which track the animal’s velocity 
(5). Such a configuration generates regular 
grid cell firing and provides a mechanism 
by which information about self-motion— 
speed and direction—can update a repre- 
sentation of location, a process known as 
path integration. 

An absence of theta-band modulation of 
bat grid cells had been reported (//); how- 
ever, the results were debated because the 
cells of the slowly crawling bats emitted too 
few spikes for a conclusive analysis (/2). To 
address this, Heys ef al. directly examined 
the membrane dynamics of bat medial ento- 
rhinal stellate cells in brain slices. In rodents, 
these neurons show subthreshold membrane 
potential resonance and oscillate at theta- 
band frequency—good evidence for interfer- 
ence models. However, the authors found no 
theta-band resonance in the bat stellate cells. 
It is therefore unlikely that the spatial firing of 
bat grid cells is produced by theta-band mem- 
brane potential resonance in medial entorhi- 
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nal cortex—as envisaged in one formulation 
of the interference model (/3). 

Different implementations of the inter- 
ference model have placed the velocity-con- 
trolled oscillators in other brain regions, such 
as the medial septum (/4), and do not nec- 
essarily require membrane potential oscilla- 
tions to be present in the entorhinal cortex 
(some degree of theta-band modulation of 
grid cell firing would be expected). Heys et 
al. did observe membrane potential oscilla- 
tions of medial entorhinal cells, but at fre- 
quencies below the normal theta range (1 to 
2 Hz), raising the possibility that oscillatory 
interference might be occurring at lower fre- 
quencies. These findings may be indicative 
of differences in the nature of neuronal oscil- 
lations between species. For instance, hip- 
pocampal theta-band oscillations in humans 
have a much lower frequency than in rats 
(5), Alternatively, a shift to lower-frequency 


CLIMATE CHANGE 


oscillations might avoid unwanted interac- 
tions with the processing of bat echolocation 
epochs which occur at 6 to 12 Hz. Indeed, 
at least one species of bat shows theta-like 
modulation in hippocampal neurons when 
echolocating (7). 

It may be that the adaptations that allow 
bats to function in, and encode, 3D space 
have dramatically altered the way they path 
integrate—as such, their grid cells may be 
functionally different from those in rodents 
and humans. Characterizing grid cells in 
flying bats will help to answer some of 
these questions. 
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Climate’s Dark Forcings 


Meinrat 0. Andreae‘? and V. Ramanathan?* 


Te black soot coming out of the tail- 
pipes of diesel trucks is a nuisance 
familiar to every highway traveler. 
Soot also endangers the health of untold num- 
bers of women and their families exposed to 
smoke from traditional cookstoves burning 
biofuels and coal. But in addition to irritat- 
ing our noses and lungs, this pollutant, also 
known as black carbon (BC), is the strongest 
absorber of solar radiation in the atmosphere. 
The magnitude of global warming from BC, 
as well as its regional effects, has been the 
subject of intense debate. In a recent compre- 
hensive assessment, Bond et al. (/) have syn- 
thesized available model results and obser- 
vations, and propose a “best estimate” for 
BC’s global climate forcing. Their estimate 
is almost twice as high as values commonly 
discussed (2). What causes such large dis- 
crepancies between estimates, and what are 
the implications for the global and regional 
climate effects of BC? 

Unlike greenhouse gases, BC is not a sin- 
gle, chemically defined substance with con- 
stant physical properties. In addition to the 
aggregates of nanometer-scale carbon spher- 
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ules traditionally thought of as BC, the atmo- 
sphere contains light-absorbing organic or 
“brown” carbon (BrC) (3). BrC may account 
for 15 to 50% of light absorption in the atmo- 
sphere and in snow and ice (/, 4, 5) and has 
different optical properties and source and 
sink patterns from BC. In addition to com- 
bustion sources, especially biomass burning, 
BrC is also produced by atmospheric chemi- 
cal reactions, a source not considered in emis- 
sion inventories. 

BrC is sometimes included implicitly in 
climate models constrained by BC measure- 
ments, because different BC measurement 
techniques may include some or all BrC. 
However, most models have ignored BrC 
absorption and, as a result, concluded that 
the combination of BC and nonabsorbing 
organic carbon leads to net cooling. This has 
been challenged by two recent studies (5, 6). 
It is essential to improve measurement tech- 
niques for BrC and to include it explicitly 
in models. 

BC (including BrC) influences climate 
through numerous mechanisms. In addi- 
tion to causing atmospheric heating and 
surface dimming, BC-containing aerosols 
affect cloud optical properties and precipita- 
tion behavior. This in turn affects the energy 
budget of the atmosphere (7). The global net 
BC forcing is obtained by integrating over 
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Uncertainties about the properties and 
amounts of atmospheric black carbon 
complicate efforts to understand its regional 
and global effects on climate. 


all mechanisms. Because most earlier stud- 
ies have included only a subset of mecha- 
nisms, one must be very careful when mak- 
ing comparisons. 

Bond et al.’s “all mechanisms” forcing 
estimate of +1.1 W m™® (with a large uncer- 
tainty) is about twice as high as that of UNEP/ 
WMO (2), mostly because of higher values 
for the absorption by BC in the atmosphere. 
Yet, their estimate of 0.88 W m°? for the forc- 
ing from light absorption by present-day 
BC is almost identical to that from a previ- 
ous study (0.9 W m”) (8). This agreement is 
instructive, because the two studies use atmo- 
spheric models, but are otherwise based on 
very different approaches. 

Ramanathan and Carmichael’s estimate 
(8) is based on satellite and ground-based 
light absorption data from the AERONET 
network of more than 140 sites around the 
world. In contrast, Bond et al. derive absorp- 
tion estimates from emission inventories and 
atmospheric models. They initially obtain 
values lower than supported by observations; 
only when they scale up their results to agree 
with the AERONET data do the two studies 
converge. This suggests that underestimation 
of atmospheric BC absorption by as much as 
a factor of three is the primary culprit for the 
lower forcing estimates in most earlier mod- 
els. Either the models are missing a major BC 
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source or the emission inventory values are 
not applicable worldwide. 

Summing up all forcing terms may be 
appropriate for a global estimate, but the rela- 
tive importance of the individual effects dif- 
fers between regions, especially when con- 
sidering the effects on precipitation. Further- 
more, the regional net forcing from a source 
such as biomass burning can even change 
sign from region to region (see the figure). 
Climate change will be more sharply felt at 
the regional scale and through changes in 
water availability than through an increase in 
average global temperature. 

Because BC is concentrated near its 
sources, it introduces spatial gradients in 
solar heating of the atmosphere and surface. 
Over South Asia, this differential dimming 
of the surface weakens the north-south gra- 
dient in the solar heating of the Indian Ocean 
and the land-ocean contrast in surface solar 
heating. The net effect is a weakened mon- 
soon circulation and a reduction in evapora- 
tion, reducing the amount of water available 
for rainfall (8). 

These coupled ocean-atmosphere pro- 
cesses act on seasonal time scales. On shorter 
time scales, BC warms the troposphere 
above 3 km, intensifying monsoon circula- 
tion (9) and modulating intraseasonal mon- 
soon variations (/0). Furthermore, the aero- 
sol particles that contain BC reduce precipi- 
tation efficiency in small clouds but enhance 
it in deep clouds and make the clouds grow 
taller (7). The resulting vertical redistribu- 
tion of heat affects monsoon circulation and 
tropical precipitation. 

The combined radiative, microphysical, 
and dynamical effects of absorbing aero- 
sols may explain observed changes since 
the 1950s in the Indian and East Asian Mon- 
soon and the Sahelian drought (/, 8, 9). On 
an even larger scale, model results suggest 
that BC is to a great extent responsible for 
the observed expansion of the tropical belt 
and the poleward shift of the tropical jet and 
extratropical storm tracks (//). In Earth’s 
cold regions, heating of the air and darken- 
ing of snow by BC may accelerate Arctic sea 
ice retreat and melting of Himalayan glaciers 
(/, 12). Tf, as concluded by Bond e¢ al., BC 
absorption has been strongly underestimated 
in previous models, the regional effects may 
be much larger than models have assumed. A 
reexamination is urgently required. 

Like all climate change assessments, the 
conclusions of Bond ef al. are based mainly 
on models. However, the representation of 
aerosol and cloud processes in climate mod- 
els has severe shortcomings. The increasing 
complexity of recent model versions does 
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Smoke properties and cloud interactions. (A) The smoke from the 12 August 2009 fire (white box) northwest 
of Santa Cruz, California, is light colored because it burns in moist vegetation. Interaction of the smoke plume 
with clouds off the Monterey Peninsula (center) increases the reflectance of the clouds. (B) The smoke from a 
fire in extremely dry vegetation in the Great Victoria Desert, Australia (near 29°S, 129°E), on 17 January 2013 
is nearly black. A bright cumulus cloud rises from the top of the plume. 


not necessarily imply improved model skill. 
Better observational constraints are needed 
at all scales, from aerosol microphysics to 
global satellite studies of cloud properties. 

Is BC mitigation, as suggested by 
UNEP/WMO, worth the effort, given the 
large uncertainties in BC forcings? Most 
BC sources coemit other species, such as 
organic particles and SO,, which have a 
negative forcing. The forcings from BC 
and these other species nearly cancel each 
other in present models (/), mainly because 
of the large cooling effect of open biomass 
burning. However, BC from diesel and coal 
burning may have a substantial net warm- 
ing effect despite cooling from coemitted 
species (/3). In California, BC concentra- 
tions fell by 50% from 1988 to 2008, largely 
as a result of diesel emission reductions 
(/4), whereas coemitted species showed no 
trends. Mitigation could thus target diesel 
exhaust, as well as traditional cookstoves 
that burn biofuels. 

The potentially large effects on regional 
precipitation and circulation and on gla- 
cier melting offer further incentives to miti- 
gate BC. However, the strongest motivation 
may come from the expected health bene- 
fits. An estimated 3.5 million deaths annu- 
ally are attributed to household air pollution 
from solid fuels and an additional 3.1 mil- 
lion deaths to ambient particles, including 
BC (/5), Finally, the discussion about BC 
and other short-lived climate forcers must 
not obscure the 38-billion-ton and grow- 


ing gorilla in the room—the amount of CO, 
emitted annually into the atmosphere— 
which needs to be cut sharply and promptly 
to avoid accelerating climate change. 
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Heterochronic Genes Turn Back 
the Clock in Old Neurons 


282 


Paola Nix and Michael Bastiani 


Ithough some neuron types regen- 
Ak better than others, all neurons 

lose the ability to regenerate with 
age. This intrinsic decline is the primary 
cause of regeneration failure even in permis- 
sive environments. This was shown in 1995 
by comparing the regeneration ability of reti- 
nal neurons from different aged retinas grow- 
ing into tectums of different ages (/). Embry- 
onic retinal axons regrew into tectum of any 
age, including older tectum with an inhibi- 
tory glial environment, whereas postnatal day 
2 or older retinal axons failed to regrow even 
into embryonic tectum. This indicated a “‘pro- 
grammed” loss of axon regeneration ability 
with neuron age. Similarly, young hindbrain 
neurons transplanted into older spinal cords 
could regenerate axons into a normally inhib- 
itory myelinated environment (2). Despite the 
clear therapeutic implications of these obser- 
vations, the underlying molecular mecha- 
nisms controlling age-dependent regenera- 
tive capacity were unclear. On page 372 in 
this issue, Zou et al. (3) report that the highly 
conserved /et-7—LIN-41 heterochronic sig- 
naling pathway is responsible for part of the 
age-related decline in axon regeneration in 
the worm Caenorhabditis elegans. 

Zou et al. examined axon regeneration 
in mutants of dcr-/ (dicer) and alg-/ (argo- 
naute), which are critical for microRNA bio- 
genesis. The authors found that a/g-/ mutants 
showed improved axon regeneration. Out of 
90 microRNAs tested, 10 that had late-onset 
expression correlated with the decline in axon 
regeneration. Only one, /et-7, was affected by 
alg-1 and expressed in the mechanosensory 
anterior ventral microtubule (AVM) neuron. 
let-7 is a21-nucleotide RNA that regulates the 
heterochronic gene /in-4/ (4), which in turn 
inhibits the LIN-29 transcription factor (5). 
Heterochronic genes cause shifts in the timing 
of developmental events primarily through 
changes in the timing of mitotic-associated 
differentiation events (6). The /et-7—LIN-41 
heterochronic pathway regulates larval-to- 
adult fate transitions (5). Zou et al. discovered 
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that this pathway also controls the axon regen- 
eration ability of postmitotic neurons (see 
the figure). In larval animals, LIN-41 inhib- 
its LIN-29 to keep axon regeneration robust 
in young neurons, while at the same time 
repressing ALG-1 function to inhibit /et-7 
microRNA biogenesis. In adult animals, the 
signaling pathway somehow switches, possi- 
bly via a positive feedback loop between /et-7 
and ALG-1 (7). let-7 targets LIN-41, thus 
relieving inhibition of the LIN-29 transcrip- 
tion factor, which then targets unknown genes 
to repress axon regeneration in adult neurons. 


A) 
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~ lin-41 
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(transcription factor) 
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Axon regeneration regeneration 


Asignaling pathway is implicated in the 
age-dependent decline of neuron regeneration. 


via LIN-14, affects axon pathfinding of the 
AVM neuron partly by regulating the UNC- 
40 netrin receptor (/0). ALG-1 also regulates 
the biogenesis of /in-4 (in addition to /et-7) 
and shows a similar AVM axon pathfinding 
phenotype. Yet, the finding by Zou ef al. that 
lin-4 shows no axon regeneration phenotype 
is perplexing given the pathfinding require- 
ments for regenerating axons and the inter- 
connected heterochronic signaling pathways. 

Are there other genes that affect the age- 
related decline in axon regeneration? The 
kinase DLK-1 has a potent effect on axon 


@ let-7 inhibition 
LIN-41 expression 


Old neuron 


Old neuron 


Robust 
regeneration 


Impaired 
regeneration 


Regulating neuron regeneration. (A) Genetic pathway controlling regeneration competency. (B) LIN-41 
is expressed in early larval stages, when young neurons regenerate efficiently. Onset of let-7 expression cor- 
relates with later larval and adult stages. Increasing let-7 expression in aging neurons inhibits regeneration 
via inhibition of LIN-41 and disinhibition of LIN-29. (C) Regeneration in older neurons can be restored by 


disrupting let-7 expression or increasing LIN-41 expression through adulthood. 


The most surprising feature of this path- 
way is that transiently disrupting /et-7 func- 
tion at the time of axotomy in older neurons 
still leads to an improvement in axon regen- 
eration. Thus, an older postmitotic neuron 
can be rapidly converted to a younger, more 
robust state. Although encouraging and rele- 
vant for the potential therapeutic application 
of this pathway to spinal cord injury, this is 
not the first finding of heterochronic genes 
acting cell autonomously in postmitotic neu- 
rons. LIN-14 regulates the timing of synaptic 
remodeling during the maturation of a spe- 
cific class of motor neurons in C. elegans (8). 
This result is particularly interesting because 
LIN-14 is regulated by the /in-4 microRNA, 
which in turn can regulate /et-7 (9). lin-4, 


regeneration, and its overexpression rescues 
the age-related decline in axon regenera- 
tion ability in DD motor neurons (//). How- 
ever, it is not known if there is a correspond- 
ing decline in DLK-1 activity with age. Zou 
et al. found that /in-4] could not suppress 
the DLK-1 pathway. It will be interesting to 
determine if these two pathways act in paral- 
lel to further delay the decline of axon regen- 
eration. A recent screen found several genes 
that showed improved axon regeneration and 
are obvious candidates to test for their influ- 
ence on its age-related decline (/2). 

What is the potential for this heterochronic 
pathway to function in humans? The LIN-41— 
TRIM71 regulatory circuit is present in mam- 
mals and is similarly regulated by J/et-7 (5, 
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13, 14). let-7, LIN-41, and LIN-29 are being 
extensively studied in mice for their role in 
controlling cell proliferation and differentia- 
tion (/5). Just as in C. elegans, mammalian 
LIN-41 expression decreases with age and is 
associated with decreased proliferation and 
increased differentiation of neural tissue (/3, 
16). Thus, it is likely that this pathway is func- 
tioning in a similar way to inhibit axon regen- 
eration in postmitotic mammalian neurons. 
Why would older neurons decrease their 
ability to regenerate axons? In C. elegans, the 
steep decline in axon regeneration ability is 
associated with a cessation of body growth 
and the beginning of reproduction. Perhaps 
there is a diversion of energy toward repro- 
duction or an advantage to stabilizing basic 


neural circuits. In the mammalian central ner- 
vous system, the initial loss of axon regenera- 
tion ability occurs very early in development 
and suggests that axon stabilization may be 
the more likely rationale. The reason will 
remain a mystery until more of the genes 
regulating the age-dependent decline in axon 
regeneration are identified and their functions 
in aging neurons understood. Zou et al. have 
taken an important first step toward under- 
standing aging neurons with the identifica- 
tion of the heterochronic /et-7—LIN-41 path- 
way in C. elegans. 
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APPLIED PHYSICS 


Polarization Traffic Control 
for Surface Plasmons 


Andrey E. Miroshnichenko and Yuri S. Kivshar 


stone thrown into water produces 
Aw that evenly spread out in all 

directions along the surface, but 
the symmetry patterns of the propagating 
waves can be changed if, for example, two 
stones are thrown in at different places and 
times. Similarly, surface plasmon polari- 
tons—electromagnetic waves bounded to a 
metal-dielectric interface—that are excited 
by different sources can also interfere with 
each other (/). These “surface plasmons,” 
as they are commonly called, inherit one 
important property from photons: They are 
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~.. Meta-molecule 


polarized, which turns out to be important 
for controlling their interference. On page 
331 of this issue, Lin et al. (2) demonstrate 
a somewhat unexpected property of surface 
plasmons. Carefully designed nanostruc- 
tures can excite plasmons propagating in the 
direction uniquely defined by the type of 
polarization of the incident light. On page 
328, Rodriguez-Fortufo ef al. (3) show that 
near-field effects in the interference phenom- 
ena also allow unidirectional propagation of 
surface plasmons in a symmetric structure 
excited by circularly polarized light. 

Surface plasmons are sustained by the 
collective electronic oscillations (plasma 
waves) in the metal in proximity to the 
interface. Plasmons are essentially two- 


Metal surfaces structured at a scale below the 
wavelength of light create devices that control 
plasmon beam direction through their 
polarization. 


dimensional waves whose field components 
decay exponentially with distance from 
the surface. This sensitivity to distance is 
exploited in molecule diagnostics and bio- 
sensing applications when molecules bind 
to a surface that supports surface plasmons 
(e.g., gold). 

Surface plasmon beams can also carry 
energy from one location on the surface to 
another, and the control of surface plasmon 
propagation is crucially important for next- 
generation plasmonic circuitry. Future tech- 
nologies will demand an increase in pho- 
tonic integration that can be achieved only 
by subwavelength structuring with embed- 
ded functionalities at the level of material 
rather than an entire chip—that is, to cre- 


Pointing surface plasmons. (A) The emission pattern generated by two electric 
dipoles separated by a quarter of a wavelength with a relative 2/2 phase shift is 
shown and is compared to that for a single dipole. (B) Schematic view of the unidi- 
rectional propagation of surface plasmons excited by arrays of aperture pairs fabri- 
cated in a gold film. Circularly polarized light interacts with a structured surface in 
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such a way that the direction of the excited plasmon beam depends on the incident 
beam handedness. A change of the light polarization from right to left handedness 
will send the plasmons in the opposite directions. (C) Schematic view of the incident 
elliptically polarized light onto a gold metallic slit at nearly grazing angle, which 
excites a unidirectional plasmon beam depending on its handedness. 
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ate “metadevices” (4). Photonic crystals 
and metamaterials are examples of such 
structured materials that have properties not 
available in nature. Other examples include 
metasurfaces created by a lattice of V-shaped 
nanoantennas (5) and engineered nanoscale 
phase gratings that enable the generation 
of the Airy plasmons that can substantially 
bend the beam over its propagation length (6, 
7), as well as other types of nondiffracting 
surface plasmon waves (8). 

Lin et al. fabricated a metasurface in a 
gold film as arrays of “meta-molecules” 
composed of two perpendicular rectangular 
apertures. Each of these apertures acts as an 
electric dipole source and generates surface 
plasmons under an external light illumina- 
tion. An elongated rectangular shape of each 
aperture caused the excitation of surface 
plasmons to become polarization depen- 
dent. When two perpendicular apertures 
are placed in close proximity, the surface- 
plasmon interference becomes independent 
of the direction of linear polarized light but 
dependent on the handedness of circular 
polarized light. 

The basic operation principle of this type 
of device is shown in the figure, panel A. 
Two electric dipoles separated by a quarter 
of a wavelength with an additional 7/2 phase 
shift between them generate unidirectional 
radiation pattern as a result of the in-phase 
wave interference in one direction and out- 
of-phase interference in the opposite direc- 
tion. Similarly, the unidirectional radiation 
pattern can be obtained from the superpo- 
sition of electric and magnetic dipoles (9). 
The interference of two emitters is realized 
by Lin et al. for a meta-molecule consist- 
ing of two orthogonal rectangular apertures 
separated by a quarter of a surface plasmon 
wavelength. The arrangement of multiple 
parallel rows of apertures’ formed by the 
meta-molecules acts like a grating and effi- 
ciently couples the incident light to surface 
plasmons. 

However, because of the specific arrange- 
ment of the apertures in pairs, the coupling 
remains unidirectional, such that the direc- 
tion of the excited plasmon beam depends 
on the incident beam handedness (see the 
figure, panel B). This property enables 
directional coupling of orthogonal polariza- 
tions of the incident light into counterpropa- 
gating surface plasmons. This idea was fur- 
ther applied to circular metallic structures 
that generate radially convergent or diver- 
gent surface plasmons depending on the 
polarization state of the incident light. Such 
excitation is necessary for focusing of sur- 
face plasmons and for “‘on demand” forma- 


tion of hot spots (/0—/2). It also allows us 
to study effectively in-plane scattering phe- 
nomena with localized objects (/3). 

Rodriguez-Fortufio et al. discuss the 
crucial importance of the near-field effects 
in the interference of vectorial fields. They 
demonstrate experimentally that an ellipti- 
cally polarized dipole can produce either 
destructive or constructive interference of 
different evanescent components in its near 
field, eventually controlling directionality of 
the propagating modes in a plasmonic wave- 
guide (see the figure, panel C). This near- 
field interference provides a fundamentally 
different approach to unidirectional excita- 
tion and propagation of guided waves with 
broadband nonresonant characteristics and 
another opportunity to achieve the polariza- 
tion control of the directionality of the plas- 
mon beams. 

We believe these studies will stimulate 
more effort toward a better understanding 
and use of polarization-selective and near- 
field effects in the physics of surface plas- 
mons. They will open new opportunities for 


unidirectional manipulation of surface plas- 
mons, including interconnects and single 
plasmon detection, and for their application 
in areas such as integrated quantum infor- 
mation processing. 
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EVOLUTION 


Great Apes and Zoonoses 


Paul M. Sharp’, Julian C. Rayner’, Beatrice H. Hahn? 


Comparing the origins of AIDS and malaria may provide insight for gauging the prospect of future 


pathogen transmissions from apes to humans. 


Te of the most widespread and vir- 
ulent diseases of modern humans 
appear to have originated in our clos- 
est relatives, the African apes. There is evi- 
dence that the parasite Plasmodium falci- 
parum, the cause of malaria in humans, is 
of gorilla origin (/, 2), whereas the pan- 
demic form of human immunodeficiency 
virus type 1 (HIV-1), the cause of acquired 
immune deficiency syndrome (AIDS), 
stems from a lentivirus infection of chim- 
panzees (3). Is their great ape origin a coin- 
cidence, or are there important parallels that 
could provide insight into the prospects of 
future zoonoses in which other pathogens 
from the great apes might successfully col- 
onize humans? 
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Pathogens must interact with a large num- 
ber of host proteins to replicate in infected 
cells and thus tend to spread more readily 
between closely related hosts (4). Hence, 
the precursors of HIV-1 and P falciparum 
that originated in great apes were likely 
better suited to infect humans than lentivi- 
ruses or malaria parasites from other mam- 
mals. However, despite substantial exposure 
and possibly numerous cross-species trans- 
fers, humans appear to have been success- 
fully colonized by each of these pathogens 
only once. This implies that even ape patho- 
gens have to overcome substantial adaptive 
hurdles to become established in the human 
host. For example, it has long been assumed 
that a human-specific mutation in the sialic 
acid biosynthetic pathway protects humans 
from infection by the species of Plasmo- 
dium that infect apes (5). However, not all 
P. falciparum parasites use sialic acids to 
invade erythrocytes, whereas an interac- 
tion between a parasite protein and the Ok 
blood group antigen basigin appears to be 
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an obligatory step in this process (6). The 
ape homologs of basigin are quite divergent, 
and so it is likely that the gorilla precursor 
of P falciparum had to adapt to spread effi- 
ciently in the human host. Similarly, lenti- 
viruses, such as HIV-1 and its chimpanzee 
precursor—a strain of simian immunodefi- 
ciency virus called S1'Vepz—are susceptible 
to various host-specific restriction factors, 
including tetherin, a protein that inhibits the 
egress of virions from infected cells. There 
are four groups of HIV-1 (called M, N, O, 
and P), which each arose from an indepen- 
dent ape-to-human transmission event; how- 
ever, only group M viruses have achieved 
full anti-tetherin adaptation, and only this 
group has become pandemic (7). 

That only a small subset of ape pathogens 
has successfully colonized humans high- 
lights another point. Although two subspe- 
cies of chimpanzees, Pan troglodytes troglo- 
dytes and P t. schweinfurthii, are each endem- 
ically infected by distinct forms of SIVepz, 
only strains from the former have been iden- 
tified in humans (8) (see the figure). Simi- 
larly, the ancestor of P falciparum represents 
just one of at least six distinct Plasmodium 
species within the subgenus Laverania that 
infect either western gorillas or chimpanzees 
(/). Thus, at least in these two cases, African 
apes harbor a much greater variety of related 
pathogens than have been found in humans, 
raising the question: Are the seemingly 


unsuccessful pathogens incapable of infect- 
ing humans, or do they have the same poten- 
tial to cross-infect and adapt, but have not yet 
had the opportunity? The latter possibility has 
obvious public health implications. 

In addition to Laverania parasites, wild 
apes also harbor close relatives of P vivax, PR 
malariae, and P. ovale (1, 9), raising the pos- 
sibility that each of these human parasites 
was also acquired from apes. The case of PR 
vivax is particularly intriguing: The closest 
known relatives of P vivax had been thought 
to be parasites infecting macaques (which are 
monkeys, not apes) in Southeast Asia, sug- 
gesting that P vivax may have originated in 
this region (/0). However, a mutation that 
confers protection against P vivax by inhibit- 
ing expression of its receptor, the Duffy anti- 
gen present on the surface of red blood cells, 
is not found in Asian populations. This muta- 
tion has a frequency nearing 100% in human 
populations in west and central Africa, which 
has been taken to indicate that P vivax is more 
likely to have originated there (//). That wild 
African apes harbor closely related Plasmo- 
dium strains is consistent with this interpre- 
tation (/2). Thus, searching for pathogens 
related to known infectious agents could 
reveal additional potential zoonoses. A case 
in point is HIV-2, a lentivirus that originated 
in sooty mangabeys (monkeys found in west 
Africa), which was discovered to also cause 
human AIDS while screening for HIV-1 (8). 


HIV-1/M 


SlVcpzPtt 


HIV-1/N 


ee 


HIV-1/P 


Ape reservoir. (Left) The subgenus Laverania contains six Plasmodium species, three that infect chimpanzees 
(blue) and three that infect gorillas (pink); only one of these has given rise to a human parasite (P. falciparum; 
black) (22). (Right) There are two major SIVcpz lineages that infect the central (upper blue clade) and eastern 
(lower blue clade) subspecies of chimpanzees, respectively. SIVcpzPtt strains from central chimpanzees have 
crossed the species barrier to humans, generating HIV-1 groups M and N (black), and to gorillas, generat- 
ing SlVgor (pink). Group P is of likely gorilla origin, whereas the ape precursor of group O has not yet been 
defined (light blue) (8). Despite widespread distribution among eastern chimpanzees, SIVcpzPts has not been 


found in humans. 
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The ability of ape pathogens to colonize 
humans also appears to have depended on 
a number of historical (and even prehis- 
torical) events. Timing the origin of P fal- 
ciparum in humans is problematic because 
of difficulties calibrating the rate of molec- 
ular evolutionary change in Plasmodium. 
Although it has been suggested that P fal- 
ciparum emerged out of Africa with mod- 
ern humans, around 60,000 years ago (/3), 
others have argued that P falciparum could 
only have been sustained in the human pop- 
ulation within the last 10,000 years, after 
the advent of agriculture and the concomi- 
tant changes in human (and mosquito) pop- 
ulation density (/4). By contrast, pandemic 
HIV-1 emerged much more recently, around 
a century ago (8). Again, this timing would 
reflect not the opportunity for cross-spe- 
cies transmission, but rather the potential 
for onward spread, provided in this case by 
social changes associated with colonial rule 
and the rapid growth of west central Afri- 
can cities (/5). Thus, the emergence of both 
P falciparum and HIV-1 were likely contin- 
gent upon changes in human demography 
and behavior that opened new niches for 
these parasites. 

Although the circumstances that aided the 
initial expansions of P. falciparum and HIV-1 
may no longer be relevant, other human-con- 
trolled factors may open new niches for ape- 
derived pathogens in the future. For example, 
efforts to eliminate P falciparum malaria in 
Africa will undoubtedly reduce the density 
of human Plasmodium infections, but this 
may ease the competitive burden for any 
newly transferred parasites. The monitoring 
of human populations that are at a higher pos- 
sible risk, such as hunters and forest dwell- 
ers, may detect new cross-species transmis- 
sions. Such studies require new diagnos- 
tic tools to detect emerging pathogens. An 
example is the macaque parasite P knowlesi, 
which went unrecognized as a public health 
threat (although it was long known to infect 
humans) until molecular screening revealed 
hundreds of zoonotic transmissions each year 
(/6). It will also be important to study the ape 
precursors of the human pathogens in their 
natural hosts. For SIVcpz such studies have 
already produced invaluable information 
about its susceptibility to host restriction fac- 
tors, pathogenic potential, and adaptability (7, 
8); as yet nothing is known about the course 
of Plasmodium infections in apes. Such stud- 
ies may also address the intriguing question 
of why successful pathogen transfer from 
apes to humans is a rare event. And although 
it is difficult to predict whether or not newly 
discovered ape pathogens have the potential 
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to infect humans, new diagnostic tools will 
place researchers in a better position to pro- 
vide advance warning that could benefit any 
subsequent public health response. 
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MATERIALS SCIENCE 


Pursuing Near-Zero Response 


Nader Engheta 


play between the spatial and tempo- 

ral features of a wave is influenced by 
the medium in which the wave propagates. 
For example, the wavelength A (a spatial 
feature) and the frequency f (a temporal 
feature) of a propagating signal are related 
via the phase velocity v of the wave in the 
medium as v = fA. For electromagnetic 
waves such as radio, microwave, and opti- 
cal waves, the phase velocity is determined 
by the medium’s electromagnetic param- 
eters of permittivity € and permeability yu, 
which is then given as v= 1 / eu. When a 
wave interacts with a structure embedded in 
a host medium, both these temporal and spa- 
tial features play key roles in determining 
the scattering response of the structure. The 
recent development of a class of metamate- 
rials in which the electric (€) and magnetic 
(Lt) properties can be tuned by design is pro- 
viding a platform to engineer optical devices 
with unconventional properties. 


[: most wave phenomena, the inter- 
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Features of ENZ metamaterials. (A) The wavelength can be “stretched 
within materials with low permittivity, whereas for high permittivity it is com- 
pressed. (B) A judicious mixture of a permittivity-positive and a permittivity- 
negative constituent structure may provide an effectively ENZ metamaterial. 
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The frequency of the wave tells us how 
the structure’s materials behave, whereas its 
wavelength in the host medium is the yard- 
stick by which the physical dimensions of 
the structure affect the wave-structure inter- 
action. These two aspects of interaction are 
often closely intertwined because any phys- 
ical structure is made of a material and has 
certain physical dimensions. Of course, as 
we go to higher frequencies, wavelengths 
are generally shortened. However, metama- 
terials allow the link between the frequency 
and the wavelength to be relaxed. If either 
the permittivity or the permeability (or both) 
can be designed to be relatively low values 
near zero, the phase velocity of the wave will 
approach a very high value, resulting in long 
wavelengths at high frequencies (see the fig- 
ure, panel A). 

The class of materials in which the rela- 
tive permittivity € attains near-zero values 
around a given frequency is called Epsi- 
lon-Near-Zero (ENZ) metamaterials (/). 
When the operating frequency is near the 
plasma frequency of transparent conduct- 
ing oxides [e.g., indium-tin-oxide (ITO)] (2), 
the real part of the permittivity gets near zero 
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row channel. 


A class of metamaterials designed with low 
permittivity provides a platform for developing 
optical devices with unconventional properties. 


(whereas its imaginary part is small). Alter- 
natively, metamaterials can be designed to 
achieve effective permittivity near zero by 
mixing constituent materials with permittiv- 
ity-positive (oxides) and permittivity-nega- 
tive (metal) structures, such as the stacks of 
thin layers of pairs of such structures (see 
the figure, panel B). Another way to imitate 
propagation in an ENZ medium is to exploit 
the structural dispersion of metal-clad wave- 
guides near their cut-off frequencies (3, 4). 
ENZ metamaterials offer unprecedented 
wave properties. One such property is the 
phenomenon of supercoupling (/), in which 
the wave in one waveguide can efficiently 
tunnel through a very narrow, ENZ-filled 
channel to reach another waveguide, regard- 
less of the channel’s length, shape, bend- 
ing and twisting, and the relative orienta- 
tion of the two waveguides (see the figure, 
panel C). Counterintuitively, the narrower 
the channel’s height, the better the tunnel- 
ing. The consequence of this unusual tunnel- 
ing is threefold: (i) because the energy has 
to squeeze through the narrow channel with 
no reflection, the wave intensity is enhanced 
along the entire narrow channel, and such 


.C) 


(C) Supercoupling phenomenon in ENZ-filled ultranarrow channels between two 
similar, but arbitrarily oriented, waveguides, in which an efficient tunneling 
occurs regardless of the length, shape, bending, and twisting of the ultranar- 
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enhancement is inversely proportional to the 
ratio of the channel’s height to the port wave- 
guide’s height; (ii) because the wavelength in 
the ENZ region is very long due to the low 
value of permittivity, the enhanced intensity 
maintains an approximately uniform phase 
along the entire channel’s length; and (iii) 
this enhancement and its uniformity along 
the channel are essentially independent of the 
length, shape, and bending of the channel. 
Because of its high wave intensity enhance- 
ment over an extended region, this phenom- 
enon has been studied for boosting nonlinear 
effects (5) and second-harmonic generation 
and has also been used for enhancing the pho- 
ton density of state for emitters embedded in 
such ENZ structures (6, 7). This platform 
has also been proposed for sensing a defect 
in the channel (8), thus opening the possibil- 
ity for fluidic- and biosensing applications. 
The supercoupling concept has now been 
extended to other wave phenomena, such as 
acoustic and matter waves (9). 

Because the permittivity of these materi- 
als is near zero, the electric displacement vec- 
tor may also be near zero for a finite electric 
field. Therefore, an ENZ material can be used 
as a platform for “shielding” the displace- 
ment current, just as a dielectric insulator 
may shield the conduction current in a metal- 
lic wire (70, 11). 

ENZ structures may provide a use- 
ful mechanism for enhancing the effects of 


nonreciprocity and time-reversal symme- 
try breaking, when they are combined with 
magneto-optical materials. Such composites 
may favorably change the balance between 
the parameter of the magneto-optical activ- 
ity and the dielectric parameters, causing pro- 
nounced nonreciprocal effects such as wave 
isolation based on circular polarization and 
Faraday rotation (/2). 

In conventional media, random displace- 
ment of tiny scatterers causes temporal deco- 
herence of the scattered signals. Because the 
wavelength is increased in ENZ media, ran- 
dom fluctuation of scatterers embedded in 
these media may lead to decreased incoher- 
ence and thus may maintain a more coherent 
signal compared with conventional materials. 

Finally, when the permeability of ENZ 
metamaterials is also near zero, the refractive 
index of the medium again approaches near- 
zero value; however, here the wave imped- 
ance is preserved (/3—/5). In such a scenario, 
a large volume of this medium may occupy 
appreciable physical space, while still being 
tiny from the wave point of view (because 
the wavelength has become long). This will 
provide an interesting possibility to “stretch” 
and “open up” a part of a physical system 
by expanding the region and filling it with 
index-near-zero medium. Such “opening up” 
of the space should not affect the wave inter- 
action in the external region but could pro- 
vide a platform to insert objects and elements 
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that ordinarily would not fit in the region with 
standard materials. This concept may open 
doors to novel spectroscopy of nanostruc- 
tures in which the effects of the size of the 
object may be decoupled from its material 
dispersion. 
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Fire in the Ocean 


C. A. Masiello’ and P. Louchouarn2? 


ne of the great challenges of mod- 

ern organic geochemistry is the 

determination of the chemical 
composition of Earth’s largest active car- 
bon pools: marine sediments, soils, and 
dissolved organic carbon (DOC) in both 
marine and terrestrial systems. Together 
these reservoirs are much larger than the 
atmospheric CO, pool, and they exchange 
carbon with the atmosphere, making them 
potential CO, sources or sinks in a changing 
climate. Rivers play a central role in the car- 
bon exchange between all these reservoirs. 
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On page 345 of this issue, Jaffé et al. (1) 
shed new light on the chemical composition 
of riverine DOC. 

Earth’s organic carbon reservoirs are 
thought to derive from living terrestrial 
and marine organic matter, altered through 
biotic and abiotic processes. However, once 
organic matter enters soils, rivers, and the 
ocean, its chemistry diverges rapidly from 
the easily characterized chemistry of fresh 
plant matter (2). Fire may be partly respon- 
sible for this: Burning alters the chemistry 
of biomass, rendering its organic chemi- 
cal composition undetectable by standard 
analytical techniques. Black carbon (BC), 
carbonaceous material altered by fire, can 
be transported globally through the atmo- 
sphere, rivers, and oceans. Because expo- 
sure to fire can reduce biomass decompos- 
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Exposure to fire alters the properties of 
dissolved organic carbon in ways that affect 
how it decomposes in rivers and in the ocean. 


ability, BC becomes an increasing fraction 
of carbon pools as they age. 

Quantitating BC is analytically hard, and 
it has been particularly challenging to mea- 
sure dissolved BC (DBC). Jaffé et al. have 
applied a novel DBC method to a large suite 
of river samples. With this method, which 
measures a highly recalcitrant fraction of 
DBC that is enriched in condensed poly- 
cyclic aromatic units, the authors identified 
more than 10% of DOC in rivers as DBC. It 
does not detect other DBC fractions such as 
levoglucosan (3). This means that the 10% 
value reported by Jaffé ef al. is a low esti- 
mate of fire-altered DOC in rivers. 

An even more interesting result is the 
strong correlation between DBC and DOC 
concentrations in their river samples, indi- 
cating that fire does not create a distinct 
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River DOC 


...and lignin monomers, such as vanillic and syringic acids C7 


From rivers to ocean. Dissolved organic carbon (DOQ from rivers enters the ocean 
where it mixes into the larger marine DOC pool that travels through the ocean's 
thermohaline circulation. Jaffé et al. (1) show that at least 10% of the DOC enter- 
ing the ocean is dissolved black carbon (DBC). As river DBC enters the ocean, the 
photoreactive and bioreactive components are degraded (10, 14), symbolized by 


fraction of DOC with unusual proper- 
ties. Instead, in the 27 rivers and wetlands 
analyzed by Jaffé et al., DBC behaves like 
the bulk DOC pool, which suggests that 
fire-altered carbon is an intrinsic compo- 
nent of the reservoir. 

This study is part of a growing body of 
work deepening our understanding of the 
decomposability of BC. A simple model (2, 
4) proposed a BC combustion continuum, 
where higher-temperature combustion cre- 
ates larger aromatic ring clusters with longer 
environmental residence times. In terrestrial 
systems larger ring structures do appear to 
be more stable (5, 6), but once DBC leaves 
soils, larger ring clusters seem to be more 
photoreactive (7), leading to the accumu- 
lation of smaller aromatic structures in the 
oceans (see the figure) (8). 

The chemical heterogeneity of DBC 
leads to a reactivity that does not mesh sim- 
ply with the black carbon continuum model. 
Biomass combustion leads to structur- 
ally variable residues (9) that may degrade 
faster or slower than their precursor bio- 
mass (1/0). The soluble organics released by 
fire can be quite reactive (/0, //) and may 
further accelerate (prime) the decomposi- 
tion of bulk DOC. Potential priming effects 


co 
_ Priming? 


Anhydrosugars, such as levoglucosan... 


2 


OH 0” ~OH 


induced by terrigenous DOC in inland and 
coastal waters have been identified as a gap 
in global carbon cycle models (/2), and low 
molecular weight organics released from 
charcoals or from the photo-oxidation of 
larger DBC clusters may be priming sub- 
strates, impacting DOC cycling. 

Research on the heterogeneity in BC 
environmental residence time is crucial 
for the widely applied carbon sequestra- 
tion technique of biochar soil amendment. 
In this approach, biomass is converted into 
charcoal and added to soil, transferring car- 
bon from fast-cycling biomass pools into the 
slow-cycling soil BC pool. Increased crop 
yields and altered soil hydrology have been 
observed in some biochar-amended sys- 
tems (/3). However, our understanding of 
the effectiveness of this technique is only as 
good as our understanding of the residence 
time of BC in soils, rivers, and the ocean. 

Jaffé et al. mention that biochar soil 
amendment may have unintended conse- 
quences through increased transport of 
DBC into aquatic and marine systems, with 
downstream impacts on aquatic food webs. 
These possibilities must be taken seriously. 
The successful scaling-up of biochar soil 
amendment will require assessment of the 


the narrowing of the DBC band. Some reactive DBC components may also prime the 
decomposition of bulk DOC. A thin vector of DBC runs through the conveyor loop, 
representing the ~4 cycles of circulation needed to decompose DBC (8). More con- 
densed aromatic DBC is photo-oxidized in the surface ocean, leading to the accumu- 
lation of smaller DBC fragments in the deep ocean (14, 15). 


fate of biochar carbon both in the solid and 
dissolved phases. Jaffé et al.’s observation 
that the aromatic, dissolved fraction of BC 
behaves at least in part like bulk DOC may 
make tracking DBC that much easier. 
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Post-translational modifications (PTMs)—including phosphorylation, 
acetylation, and ubiquitination—are specific modifications that can alter 
the activity of an individual protein target. The cumulative effect of these 
small modifications is the regulation of large signaling pathways and 
networks within cells. 


Mass spectrometry is a powerful tool for the identification of individual 
PTMs during the investigation of signaling networks. A new approach 
using antibody-based peptide enrichment for a class of PTMs combined 
with tandem mass spectrometry has been successfully used for global 
identification of hundreds to thousands of PTMs within a sample. In this 
webinar, examples of how the technology was applied to each of these 
PTM classes will be described. 


During this webinar, viewers will: 


+ Learn about post-translational modifications and their role in cellular 
signaling 


+ Discover how antibody-based proteomics approaches can be applied 
to identify, study, and characterize known and novel modifications 


+ Hear specific examples of how these approaches are being applied 
to the dissection of cellular signaling pathways, target identification, 
validation, and biomarker discovery by industry and academic experts 


+ Ask our expert panel questions in real time, during the broadcast 


Webinar sponsored by 


ye Cell Signaling 
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Grand Challenges 
in Science Education 


Use technology to improve pedagogy, management, and accountability. 
Improve access to, and the quality of pre- and postprimary education. 
Develop appropriate policies for regulating and supporting 
the private sector in education: 
Develop an understanding of how individual differences in brain development 
interact with formal education. 
Adapt learning pathways to individual needs. 
Create online environments that use stored data from individual 
students to guide them to virtual experiments that are appropriate 
for their stage of understanding. 
Determine the ideal balance between virtualand physicals 
investigations for courses in different subject areas. * 
Identify the skills and strategies that teachers need to implement 
a science curriculum featuring virtual and physical laboratories: 
Identify the underlying mechanisms that make some teacher 
professional development (PD) programs more effective than others: 
Identify the kind of PD that will best prepare teachers to meet the challenges 
of the Next Generation Science Standards. 
Harness new technologies and social media to make high-quality 
science PD available to all teachers. 
Help students explore the personal relevance of science and 
integrate scientific knowledge into complex practical solutions. 
Develop students’ understanding of the social and institutional basis 
of scientific credibility. 
Enable students to build on their own enduring, science-related interests. 
Shift incentives to encourage education research on the real problems 
of practice as they exist in school settings. 
Create a set of school districts where long-standing, multidisciplinary teams work 
together to identify effective improvements. 
Create a culture within school systems that allows for meaningful experimentation. 
Design valid and reliable assessments reflecting the integration of practices, 
cross-cutting concepts, and core ideas in science. 
Use assessment results to establish an empirical evidence base regarding 
progressions in science proficiency across K-12. 
Build and test tools and information systems that help teachers 
effectively use assessments to promote learning in the classroom. 
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Plenty of 
Challenges for All 
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Grand Challenges 
in Science 
Education 


WHY SHOULD ANYONE WHO IS NOT A SCIENTIST CARE ABOUT SCIENCE EDUCATION? CONTENTS 

Professional scientists and educators may find the question insulting. Every cul- 

ture has struggled to find the most effective ways to teach the uninitiated and News 

translate that learning into productive skills. But if students and parents around 292 Teancionmatigitle posible 


the world don’t see the need for a high-quality education in science, technology, 
engineering, and mathematics (the so-called STEM fields), or mistakenly think 


if a University Really Cares 


that they are already receiving satisfactory teaching in those areas, then calls from Reviews 
the scientific community to improve STEM education will fall on deaf ears. 297 The Challenge of Education and 

In this special issue of Science, we have invited experts to tell us what they Learning in the Developing World 
think are the most important challenges facing science education. Through a M. Kremer et al. 
mixture of News, Reviews, Perspectives, Education Forums, and an Editorial, 300 Understanding Neurocognitive 
we explore the obstacles to progress, be they within the classroom, across the Developmental Disorders Can 
school system, or in the larger social arena. We also offer substantive sugges- Improve Education for All 
tions on how to proceed. For example, distance education, online simulations as B. Butterworth and Y. Kovas 
educational aids, and social networking tools are already part of science educa- 305 Physical and Virtual Laboratories in 
tion. Many university faculty members are working to upgrade centuries-old Science and Engineering Education 
approaches to instruction. And, with a new emphasis on the practice of science, T. de Jong et al. 
promising assessment tools are being developed to improve learning. 310 Professional Development for 

The challenges covered in this special issue will be familiar to those who Science Teachers 
have devoted their lives and livelihoods to improving education. There is a huge 5. M. Wilson 
and expanding literature on these topics and many others not covered in these 314 Outside the Pipeline: Reimagining 
pages. Yet convincing the public of the importance of STEM education will Science Education for Nonscientists 
require more than explaining what the research shows or finding ways to scale N. W. Feinstein et al. 
up best practices to reach the billions of students who are entitled to a high- 317 Generating Improvement Through 
quality education. For scientists, advances in science and technology arrive at Research and Development in 
such a rapid clip that last year’s knowledge barely scratches the surface of what Education Systems 
is needed next year. At the same time, larger and more diverse student popula- M. S. Donovan 
tions clamor for access to knowledge. Not only will the scientific workforce for 320 Proficiency in Science: Assessment 
the 21st century need skills and knowledge we haven’t even heard of yet, but all Challenges and Opportunities 
global citizens, whether in their doctor’s office or in a polling booth, need to be J. W. Pellegrino 
better informed. Turning the fire of the natural curiosity of students into effec- Perspectives 
tive, flexible, and well-grounded outcomes will take a concerted effort by many 
different actors. Among them, scientists must play a central role. 309 Teacherpreneurs: A Bold Brand of 

This is another grand challenge, and one that the scientific community Teacher Leadership for 21st-Century 
ignores at its peril. Teaching and Learning 

— PAMELA J. HINES, JEFFREY MERVIS, MELISSA MCCARTNEY, BRAD WIBLE Ray 
313 A Business View on U.S. Education 


R. Stephens and M. Richey 


See also Editorial p. 249; Education Forums pp. 276 and 
278; Science Signaling, Science Careers, Science Podcast, 
and more at www.sciencemag. org/special/education2013 
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GRAND CHALLENGE: UNDERGRADUATE TEACHING 


Transformation Is Possible 
If a University Really Cares 


The same attention to scientific detail that led to his Nobel Prize is helping 
Carl Wieman improve how undergraduates learn science 


The way that most research universities 
across North America teach science to 
undergraduates is worse than ineffective, 
says Carl Wieman. It’s unscientific. 

A Nobel Prize-winning physicist turned 
science educator, Wieman doesn’t under- 
stand why institutions of higher education 


would disregard decades of research show- 
ing the superiority of student-centered, 
active learning over the traditional 50-minute 
lecture. Using that outdated approach, he 
says, means universities are squandering 
talent at a time when U.S. higher educa- 
tion is being criticized for not turning out 


enough science-savvy graduates to keep the 
country competitive. 

Wieman has spent the past 15 years 
applying the science of learning to how 
undergraduate science courses are taught. 
First at the University of Colorado, Boul- 
der, (colorado.edu/sei) and, more recently, at 
the University of British Columbia (UBC), 
Vancouver, in Canada (cwsei.ubc.ca), 
Wieman and his colleagues have made 
impressive strides in changing how individ- 
ual faculty members teach. Those changes, 
within individual courses, have translated 
into big improvements in student learning. 

Those courses are offered by academic 
departments, which are his real target. 
Departments define the reward structure 
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se at the University of Colorado in 2001. 


for faculty members through their authority 
to hire, promote, and grant tenure, he says. 
So the best way to sustain improvements in 
teaching and learning is to get departments 
to buy into the need to change the courses 
that they offer. And that’s begun to happen 
at UBC, one of Canada’s elite universities. 
Wieman’s passion for the subject, com- 
bined with his stature as a Nobelist, has 
focused national attention on the high attri- 
tion rate among students who declare an inter- 
est in earning a degree in a STEM (science, 
technology, engineering, and mathematics) 
field. It’s one of the biggest impediments to 
any effort to train more scientists and engi- 
neers. “I think Carl, more than anybody else, 
put a spotlight on the need to improve under- 
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graduate education,” says Subra Suresh, 
who last month stepped down as director of 
the National Science Foundation (NSF). “It 
wasn’t a surprise to universities, but his work 
has highlighted the problem.” 

Colleagues also laud Wieman’s rigorous 
approach to reform. “I have an incredible 
amount of respect for his deep commitment 
to the evidence,” says Susan Singer, head 
of undergraduate education at NSF and a 
national leader in reforming undergraduate 
biology education. “Carl is someone who 
digs in and really wants to know.” 

Notwithstanding his success at Colo- 
rado and UBC, Wieman has made much 
less progress toward another of his goals: 
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time and money on research.” 

Wieman pushed the idea at numerous 
meetings with other government science 
officials and academic leaders. But they 
recoiled in horror at the prospect of what 
they viewed as another unfunded federal 
mandate. They prefer a 5-year effort begun 
last year by the 62-member Association 
of American Universities that aims to cre- 
ate a voluntary “framework” for improv- 
ing teaching practices that institutions can 
adapt to their own situation and implement 
at their own pace. 

“I’m very supportive of improving under- 
graduate STEM teaching,” says Francis 
Collins, director of the National Institutes 


“There's an entire industry devoted 


to measuring how important my research is, 


with impact factors of papers and so on. 


Yet, we don’t even collect data 


on how | am teaching.” 


overturning an academic culture that val- 
ues research over teaching. Working in the 
White House Office of Science and Tech- 
nology Policy (OSTP) as associate director 
for science, Wieman was the de facto sci- 
ence education czar for the Obama adminis- 
tration. But his 20 months on the job taught 
him just how hard it is to change prevailing 
attitudes within U.S. higher education. 
While at OSTP, Wieman floated the 
idea of requiring universities to collect and 
disseminate information on their teach- 
ing practices to remain eligible for federal 
research dollars. The policy would be a 
stick to get universities to pay more atten- 
tion to teaching, he reasoned. 
“There’s an entire industry 
devoted to measuring how impor- 
tant my research is, with impact 
factors of papers and so on,” 
Wieman says. “Yet, we don’t even 
collect data on how I am teach- 
ing. It receives no attention. ... If 
everything about teaching remains hidden, 
then universities can avoid having to devote 
anything more than minimal effort to doing 
it well. They can instead spend most of their 
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sciencemag.org 
Podcast interview 
=’ with author Jeffrey 
Mervis (http://scim.ag/ 
pod_6130). 


—Carl Wieman 


of Health (NIH), which spends more money 
on academic research than any other federal 
agency. “But this struck people as the wrong 
pathway by which to achieve the desired out- 
come, and not very fair.” 

As if taking on the nation’s research 
establishment wasn’t enough of a chal- 
lenge, last June, Wieman received a sudden 
diagnosis of multiple myeloma. To deal 
with this health crisis, he abruptly resigned 
from his White House post and enrolled in a 
clinical trial at NIH using two experimental 
drugs. That treatment ended in January, and 
the 62-year-old Wieman says he’s “happy 
and healthy.” 

Wieman, who is leaving UBC 
but declined to say where he’s 
going, has returned to the lec- 
ture circuit with an updated ver- 
sion of his standard talk, entitled 
“Taking a Scientific Approach 
to Science and Engineering 
Education.” He’s definitely not 
cowed by the prospect of taking a long, hard 
road toward his goal. In fact, his personal 
metric for any reform worth attempting is 
its ability “to generate significant opposi- 
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tion.” Speaking at a session of the February 
annual meeting of AAAS (which publishes 
Science) in Boston, Wieman said that trans- 
forming undergraduate teaching “passes 
that litmus test.” 


Giving reform a chance 

Wieman’s personality and upbringing 
seem well-suited to a grand challenge like 
remaking undergraduate science education. 
Before deciding on a scientific career, he 
embraced a succession of passions, includ- 
ing chess and tennis, which for a time were 
all-consuming. “Monomaniacal pretty 
much describes me,” Wieman confessed 
during a 2007 interview with the Nobel 
committee. “My view of everything is that 
you become good at something by focus- 
ing and working hard at it.” Eventually, he 
recalls, “science [became] such an activity.” 

That doggedness served him well in pur- 
suing his Nobel Prize-winning research. 
In 1925, Albert Einstein, building on the 
work of Indian physicist Satyendra Nath 
Bose, deduced that cooling a gas of cer- 
tain atoms should make all the atoms sud- 
denly flop into the same lowest energy 
quantum wave. Such a macroscopic mat- 
ter wave is known as a Bose-Einstein con- 
densate. Some 70 years later, Wieman and 
Eric Cornell of JILA, a lab run jointly by the 
National Institute of Standards and Technol- 
ogy and the University of Colorado, Boul- 
der, achieved one by employing magnets and 
lasers to cool rubidium-87 atoms to within a 
millionth of a degree of absolute zero. In 
2001, the two physicists shared the Nobel 
Prize in physics with Wolfgang Ketterle of 
the Massachusetts Institute of Technology 
in Cambridge, who achieved a similar result 
with sodium-23 atoms. 

Wieman and Cornell at least had the 
advantage of knowing what a Bose-Einstein 
condensate would look like before they cre- 
ated one. In contrast, many faculty members 
might not recognize high-quality, student- 
centered learning because they may never 
have experienced it. Wieman admits that 
many notable scientists have thrived on a 
diet of traditional teaching practices and that 
the current rewards system at most univer- 
sities gives faculty members little reason to 
try something different. 

“I’m certainly not one to dismiss the 
importance of research,” Wieman says. “But 
people need to recognize how totally domi- 
nant the reward system is. There are a lot of 
faculty who feel, completely appropriately, 
that ‘I could spend more time improving my 


teaching, but that’s not what I’m supposed 
to be doing.’ So you have to figure out a way 
for them to be able to improve their teach- 
ing without making a big sacrifice in their 
research activities.” 

Wieman embarked on his quest to 
improve undergraduate education after 
pondering his own career as a professor and 
educator. And like the scientist that he is, he 
began by asking himself some basic ques- 
tions. Why, he wondered, did students in his 
introductory courses do so poorly, and even 
regress, after he delivered lectures covering 
what they needed to know? Why couldn’t 
he identify at the outset which graduate stu- 
dents were most likely to succeed? And why 
did most of them become productive scien- 
tists after a few years in his lab? 

Digging into the literature on teaching 
and learning yielded some insights. His 
graduate students had learned to think like 
scientists, he realized, by doing real science 
under the supervision of a world-class sci- 
entist. Developing expertise, he came to 
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understand, is a slow and arduous process 
marked by repeated failures. 

“The apprentice model works pretty 
well in graduate school because the fac- 
ulty member can see if the student is learn- 
ing how to build a laser system, or write a 
paper, or give a professional talk,” says Uni- 
versity of Colorado, Boulder, physicist and 
education researcher Noah Finkelstein, who 
has worked closely with Wieman and now 
directs the university’s newly formed Cen- 
ter for STEM Learning. “Those are things 
we actually want them to do. We give them 
feedback along the way, and we take in 
feedback from them and adjust our mentor- 
ing. But that system is just too costly at the 
undergraduate level.” 

Instead, faculty members must interact 


with hundreds of students in a large hall. 
Most choose to do that via a lecture. But 
research has shown that most students cling 
to their misconceptions even after sitting 
through a brilliant lecture. 

What works better than lectures and 
homework problems, according to numer- 
ous studies, is having students work in small 
teams with instructors who can help them 
apply those basic concepts to real-life sit- 
uations. But what’s the best way to imple- 
ment active, student-centered learning? The 
answer, Wieman decided, lay in melding it 
with the concept of deliberate practice. 

That idea, developed by psychologist 
K. Anders Ericsson of Florida State Uni- 
versity in Tallahassee, treats the brain as a 
muscle that must be exercised to perform 
at its peak. It’s how a novice becomes an 
expert, whether in music, sports, or science. 
“We have learned that complex expertise is 
a matter not of filling up an existing brain 
with knowledge, but of brain development,” 
Wieman says. 

Deliberate practice, Wieman wrote in 
the fall 2012 issue of Jssues in Science and 
Technology, “involves the learner solving a 
set of tasks or problems that are challeng- 
ing but doable and that involve explicitly 
practicing the appropriate expert thinking 
and performance.” The teacher, or coach, 
offers appropriate incentives to encourage 
students to master the necessary skills, as 
well as continuous feedback to help them 
remain on task. As with any sport, he notes, 
“{t]housands of hours of deliberate practice 
are typically required to reach an elite level 
of performance.” 

The two concepts created an intellec- 
tual framework around which to transform 
undergraduate science. “Just as we have 
physics principles, here are the principles 
that work, and they are consistent with what 
others had done,” Wieman says. “It also 
allows you to go into disciplines where there 
hadn’t been much work done, like oceanog- 
raphy, and make some generalizations. It’s 
very much like science itself.” 

In a 2011 paper in Science, Wieman 
and his colleagues describe the power of 
active learning and deliberate practice. 
The instructor for one section of an intro- 
ductory physics class for engineers at 
UBC used these principles, while the other 
instructor delivered the normal lectures. 
The first group of students scored more than 
twice as high on a multiple-choice test of 
the material covered than did those in the 
control group. 
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“The results were so dramatic from this 
relatively modest experiment that the entire 
[physics] department had an epiphany,” 
remarks Simon Peacock, UBC’s dean of sci- 
ences. “It sent them a clear message: Wow, 
we can actually teach better.” 

Wieman says that active learning and 
deliberate practice is now the norm in 
99 UBC courses enrolling 31,200 students. 
Many are introductory courses taken by 
freshmen and sophomores who are still 
uncertain of their major field of study. “We 
have substantially changed more than half 
of the math and science courses a UBC 
student in the college of science will take 
in their first 2 years,” Wieman says, citing 
results from a recent survey of how faculty 
members have changed their teaching prac- 
tices since the Carl Wieman Science Educa- 
tion Initiative was launched in 2007. 

“We’ve hit it out of the park with earth 
and ocean sciences,” one of seven depart- 
ments that are part of the university-funded 
initiative, Peacock says. “I will declare them 
to be a success.” 

Wieman believes that deliberate practice 
can also help students in primary and sec- 
ondary school who, for whatever reason, are 
ill-prepared for success in STEM subjects. 
His efforts have helped resolve “a huge con- 
troversy,” says NSF’s Singer, over whether 
the vast majority of students are capable of 
doing high-level math and science. 

“Having Carl stand up and say we 
should stop doing STEM talent selec- 
tion and start doing STEM talent develop- 
ment completely changes the nature of the 
conversation,” says Singer, on leave from 
her post as a biology professor at Carleton 
College in Northfield, Minnesota. “It’s 
really a question of how you structure the 
learning environment. And his work has 
shown that active learning strategies are 
more effective.” 


From my way to the right way 

What does it take to transform an under- 
graduate science course? Wieman’s approach 
relies heavily on a cadre of science teaching 
and learning fellows, who are typically post- 
docs. At its height, the Colorado initiative 
employed a dozen such fellows; at UBC, the 
number peaked at nearly two dozen. 

The fellows are trained in the many 
steps needed to transform a university lec- 
ture course—steps that faculty members are 
unlikely to take on their own, either out of 
ignorance or because they simply don’t have 
the time to do what’s needed. Katherine 
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Perkins, who directs both the science edu- 
cation initiative at Colorado and the related 
PhET project (phet.colorado.edu), which 
has created thousands of research-based 
simulations of physical phenomena, calls 
the teaching and learning fellows “engines 
of change.” 

Meeting for the first time with a faculty 
member, a fellow might start by asking what 
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courses are “owned” by the department 
and a consensus exists on what students 
are expected to know regardless of who is 
teaching the course. 

A transformed course typically begins 
not with a lecture but with a clicker 
question. Students gather in small groups 
to discuss it, and a fellow assigned to the 
course circulates through the classroom to 
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the faculty member wants students to know 
how to do at the end of the course. That’s a 
more useful metric than asking what a stu- 
dent “should understand,” explains Beth 
Simon, director of the Center for Teaching 
Development at the University of Califor- 
nia, San Diego, who spent the 2007 to 2008 
academic year at UBC as a fellow in the 
computer science department before return- 
ing to UCSD. 

Once the faculty member articulates the 
real goals of the course, those skills are con- 
verted into learning objectives. The next 
step is to write up multiple-choice ques- 
tions aimed at helping students achieve 
each learning objective. The so-called 
clicker questions (the name comes from the 
electronic device that students use to record 
their answers) usually focus on common 
student misconceptions about the concepts. 

The questions become the basic curricu- 
lum for the course. But getting from skills 
to clicker questions can be difficult. Simon 
figured that the final exam would provide a 
useful guide to what students were expected 
to learn. Instead, instructors would admit 
that they didn’t really know what concepts 
some test questions were meant to measure, 
she says, and that other questions covered 
concepts not central to the course. 

Most courses come with only a three- or 
four-sentence description in the syllabus. 
That brevity gives whoever is teaching the 
course a lot of leeway. Some faculty mem- 
bers have been teaching the same course for 
years, Simon says, and for them, “learning 
outcomes were a nonstarter. ‘I teach 101 
my way,’ they would say.” In contrast, some 


guide the inquiry process. Once the students 
have punched in their answers, the faculty 
member might offer a microlecture aimed 
at correcting their mistakes and filling in 
gaps in their knowledge. Once the con- 
cept is clear, the class moves on to the next 
clicker question. 

Students taking transformed courses are 
usually more active than in a typical lec- 
ture class. Faculty members need to remind 
students regularly why they will not be 
lecturing, Simon says, as well as explain 
the importance of peer instruction. To get 
the most from the class time, students are 
assigned outside reading and turn in home- 
work that measures their understanding of 
the material. 

Some students are uncomfortable with 
this approach—even if it’s more effective. 
“T remember getting an evaluation from one 
[UCSD] student who had just finished my 
course,” says Simon, a pioneer in the use of 
peer instruction within her field. “I loved 
it. It read, ‘I just wish she’d have lectured. 
Instead, I had to learn the material myself.’ ” 

The increased student engagement in a 
transformed course is music to the ears of 
the average faculty member. “Most fac- 
ulty want their students to learn more,” says 
Perkins, whom Wieman hired in 2003 as 
one of the initiative’s first teaching fellows. 
“They look at the final exam, sigh, and say, 
“Why did only 60% get that question right?’ 
” Simon adds, “If they can have more fun, 
they will choose to use these methods.” 

A department should plan on spend- 
ing about 5% of its budget for 5 years to 
transform its courses, Wieman says. Lesser 
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amounts are required to sustain progress, he 
adds, although new faculty members must 
be trained and existing faculty members 
need ongoing support and, occasionally, a 
sympathetic ear. At Colorado, for example, 
departments competed for grants of roughly 
$600,000 to $800,000 each. UBC’s $10 mil- 
lion commitment to the initiative allowed 
Wieman to double the size of departmental 
awards, and a more recent $2 million dona- 
tion from David Cheriton, a professor of 
computer science at Stanford University, 
is fueling reform within the math and com- 
puter science department. 

Wieman’s campaign to transform 
departments isn’t the only game in town. 
Finkelstein’s new center at Colorado, funded 
by an NSF planning grant, is supposed to 
serve as a focal point for some 75 STEM- 
related activities on campus. And Colorado’s 
Perkins hopes that NSF will put up several 


“I’m more optimistic than I was a year 
ago,” he adds, “because people who we 
thought weren’t interested are now saying, 
‘Look, I made this change and I’m think- 
ing of doing more.’ But I won’t give you 
good odds that they will still be doing it in 
10 years.” 


Carrot or stick? 
In 2010, Wieman decided to come to 
Washington for the chance to influence 
undergraduate science education on a 
national scale. “My top priority at OSTP 
was to improve undergraduate education,” 
he says. “We know what to do that will help 
students learn more and be more successful 
and how to get a broader group of students 
doing it.” 

While there, Wieman came up with his 
simple, market-driven first step: Require 
universities to compile and release data on 


“There are a lot of faculty who feel, completely 


appropriately, that ‘l could spend more time improving my 
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teaching, but that’s not what I’m supposed to be doing.” 


million dollars for a Web site to help faculty 
members use the PhET simulations that she 
and others have created and to study their 
impact on teaching and learning. 

But money remains tight. Wieman says 
he can’t afford to conduct the rigorous, 
outside assessments that normally accom- 
pany NSF-funded reforms because he feels 
that institutional funds should redound 
to the benefit of the institution. However, 
the dearth of peer-reviewed publications 
has led some scientists to question what 
Wieman’s Colorado and UBC initiatives 
have accomplished. 

“When people ask what we’ve done,” 
Finkelstein says, “and I say we’ve shifted 
institutional identity and culture, half the 
time their response is, ‘Wow, that’s terrific.’ 
But the other half say, “So all you’ve done 
is talk?’” 

Wieman himself offers a frank answer 
when asked whether he expects the UBC 
reforms to stick. “That’s why you do 
research,” he says. “This was a one-time 
intervention. And people have a right to 
wonder what will happen next. 


—Carl Wieman 


their teaching methods as a condition for 
receiving federal research funds. As stu- 
dents began using the data released by uni- 
versities to help choose a college, he rea- 
soned, universities would feel compelled 
to improve their teaching practices in order 
to attract the best applicants. “If an agency 
were to require every grantee to provide this 
information,” he says, “then the next year 
teaching would look completely different 
because somebody is looking at it.” 
Wieman promoted the idea tirelessly in 
meetings with his government colleagues 
as well as the presidents of several leading 
research universities, seeing it as a painless 
way to propel reform. But they pushed back 
hard. It’s hard to define particular teaching 
practices, they told Wieman. Self-reported 
data are unreliable, they added, and col- 
lecting such data would be a burden. Last 
April, the presidents of several prominent 
universities even wrote a letter to then— 
White House Chief of Staff Jacob Lew in 
an attempt to head off Wieman’s proposal. 
A few months later, Wieman was gone. 
But he hasn’t changed his mind one iota, 


and he says that none of the community’s 
objections are valid. 

For starters, he says, colleagues at UBC 
and Colorado have created a question- 
naire that collects such data and requires 
only a few hours of effort by an entire 
department—*a tiny amount compared to 
what is spent in a single faculty meeting,” 
he snickers. Universities have no incentive 
to game the system, he adds, because stu- 
dents would soon expose any institution 
that had submitted bogus information. And 
he scoffs at the idea that tracking a funda- 
mental purpose of a university could be 
regarded as a “burden.” 

Part of their objections, he speculates, 
is that the data could prove embarrassing. 
“Educational transparency is a threat to 
their status,” he argues. “Maybe it won’t 
make them look so good.” 

NIH’s Collins says that’s not the reason 
he prefers a voluntary approach. “I know 
that Carl is skeptical universities will do it 
on their own,” he says. “But I have yet to 
be convinced that they won’t. I don’t know 
that all universities will want to participate. 
But I think there will be some who would 
say, ‘Yeah, we believe in this. It’s the right 
thing to do.” 

Government officials and university lead- 
ers typically defend the value of federally 
funded research by citing its role as an engine 
of economic growth. In the case of biomed- 
ical research, they also note its potential to 
save lives. But Wieman doesn’t think those 
arguments really address the growing clamor 
from the public and politicians for universi- 
ties to show that an undergraduate education 
is worth the rising cost of tuition. That skep- 
ticism, he says, has also fueled a decadelong 
assault by many state legislatures on their 
flagship public universities. 

A more effective response, Wieman 
says, would be for university presidents to 
emphasize how research can lead to better 
teaching. “I think the solution is to show 
that you can really use that research exper- 
tise to improve education,” he says. “Delib- 
erate practice and other approaches is call- 
ing on, and demanding of, the research 
expertise embodied by that faculty.” 

“If you pitch that message,” he con- 
tinues, “then suddenly it becomes clear 
how having a great research university 
translates into better education for stu- 
dents in my state. Right now it’s not worth 
the investment, because it’s not happening. 
But it could.” 

—JEFFREY MERVIS 
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The Challenge of Education and 
Learning in the Developing World 


Michael Kremer,’ Conner Brannen,” Rachel Glennerster?* 


Across many different contexts, randomized evaluations find that school participation is 
sensitive to costs: Reducing out-of-pocket costs, merit scholarships, and conditional cash 
transfers all increase schooling. Addressing child health and providing information on how 
earnings rise with education can increase schooling even more cost-effectively. However, 

among those in school, test scores are remarkably low and unresponsive to more-of-the-same 
inputs, such as hiring additional teachers, buying more textbooks, or providing flexible 

grants. In contrast, pedagogical reforms that match teaching to students’ learning levels are 
highly cost effective at increasing learning, as are reforms that improve accountability and 
incentives, such as local hiring of teachers on short-term contracts. Technology could 
potentially improve pedagogy and accountability. Improving pre- and postprimary education are 


major future challenges. 


ver the past two decades, a new wave 
O of randomized evaluations has examined 

how developing countries can help (i) 
children who are not in school gain access to 
education and (ii) those in school improve their 
often abysmal learning levels. Randomized eval- 
uations can help disentangle the causal impact of 
programs from mere correlations, but there has 
been debate about the extent to which results will 
generalize across different contexts. We review 
the evidence on program impact and present a 
new cost-effectiveness analysis. In most cases, 
we find a remarkable degree of consistency be- 
tween the impacts of similar programs across 
different geographic areas. However, the impact 
of programs designed to improve teacher per- 
formance and school accountability seems more 
context-dependent and sensitive to small differ- 
ences in program design. 


Broadening Access to Education 

Randomized evaluations consistently find that 
making school more financially attractive can 
increase school participation (/). Conditional cash 
transfer (CCT) programs provide financial sup- 
port to poor mothers if their children obtain basic 
medical care and attend school regularly. Mexico’s 
initial CCT program (PROGRESA) in 1998 in- 
creased girls’ transition rate from elementary to 
junior secondary school by 14.8 percentage points 
and boys’ by 6.5 percentage points (2). After the 
success of PROGRESA, more than 30 countries 
established similar programs. Many of these have 
been subject to randomized evaluations, yield- 
ing similar results (3). 
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Most CCT programs involve financial trans- 
fers that constitute a large fraction of income for 
poor households, but three studies show that even 
small transfers can have large effects. In Malawi, 
a monthly $5 CCT was as effective as one of $10 
(4). In Kenya, providing a free school uniform 
(costing less than $8) reduced dropout rates among 
girls by 3.1% from a base of 18.8% (5). 

The finding that small short-run costs can sub- 
stantially influence life decisions with important 
long-run consequences is consistent with insights 
from behavioral economics (6). Behavioral eco- 
nomics also explains why matching the timing of 
payments under CCTs to the timing of school fees 
can raise the cost-effectiveness of these programs 
(7). Merit scholarship programs can simulta- 
neously increase access to schooling and stim- 
ulate learning by motivating students to work 
harder, do more homework, and attend school 
more often (8). 

In some regions of the world, gender gaps 
in enrollment are large. The studies cited above 
find substantial effects of financial incentives 
on girls’ school participation. Despite much dis- 
cussion, there is limited rigorous evidence on 
whether latrines increase girls’ school attendance 
by allowing them to manage menstruation. A 
randomized trial in Nepal found no impact of 
providing sanitary products on school partici- 
pation (9). 

Beyond price, distance to school is also im- 
portant for school participation, especially if so- 
cial norms or safety concerns make it difficult for 
girls to travel far from home. In Afghanistan, a 
program that encouraged communities to donate 
space in existing buildings to establish local schools 
increased enrollment of girls by 42 percentage 
points. Girls’ primary school enrollment fell 19 
percentage points and boys’ 14 percentage points 
per additional mile to school (/0). 
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Two approaches to increasing school partic- 
ipation are particularly cost-effective (//). School- 
based deworming cut student absenteeism by a 
quarter in a study in western Kenya (/2), and 
students in neighboring schools also attended 
more because the intervention interrupted the dis- 
ease transmission cycle. One hundred dollars 
invested in mass school-based deworming would 
generate 14 additional years of schooling. Follow- 
up results from Kenya, as well as nonrandomized 
evidence from deworming in the U.S. South, sug- 
gests that deworming generates large, long-run 
educational and income benefits (73, 14). Studies 
in the Dominican Republic and Madagascar found 
that simply informing those who underestimate 
the correlation between education and earnings 
about how average eamings vary with education 
can increase school participation at very low cost 
(5, 16). 


Education Quality 

Although the quantity of schooling has expanded 
rapidly, quality is often abysmal. In India, 31% of 
children in third grade could not recognize simple 
words (/7). Nineteen percent of teachers were 
found absent in unannounced visits to a sample 
of schools in six countries (/8). 

Figure | presents new work comparing the 
cost-effectiveness of 30 primary school programs 
in raising test scores subject to randomized eval- 
uation where study authors have made detailed 
cost information available. These comparisons 
should be considered as one input among others 
in assessing policy, especially because some ap- 
proaches may create benefits beyond test scores 
and because a standard deviation of test scores 
may have different meanings in different con- 
texts. Some interventions may be more applica- 
ble than others in two particular lotteries (//) 
(further comparisons, as well as the underlying 
calculations, will be made available at www. 
povertyactionlab.org/policy-lessons/education/ 
student-learning). The left panel shows the esti- 
mated impacts measured in standard deviations 
(SDs) and the 90% confidence intervals. The 
right panel shows (on a log scale) how many SDs 
of test-score improvement could be gained from 
an investment of $100. In some cases, costs would 
likely fall if programs were implemented at scale, 
but for consistency we show costs from the study. 
We show effects over different time horizons 
where examined. 

Many programs that increased quantity of edu- 
cation also promoted learning. For example, the 
program in Afghanistan raised scores dramati- 
cally (/0), deworming increased Kenyan girls’ 
passing rate on primary-school exams by 25% 
(73), and the Madagascar program increased test 
scores by 118 SDs for every $100 spent (/6). 

Despite very low levels of resources, provid- 
ing more-of-the-same educational inputs without 
changing pedagogy or accountability typically has 
very limited impacts on test scores. For example, 
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Impact on Test Scores (in SD), Additional SD per 
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Fig. 1. Impacts on test scores from randomized trials of primary school 
programs in the developing world. Results drawn from 18 randomized studies 
that report test-score outcomes. The charts also rely on detailed cost data provided 


by the authors of these studies and discussions with them about the most appro- 
priate way to calculate cost effectiveness. The underlying data and calculations are 
available at www.povertyactionlab.org/policy-lessons/education/student-learning. 
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when a Kenyan program brought in local teach- 
ers, roughly halving class size (from a base of 80) 
test scores did not improve significantly for students 
remaining with the government teacher (79, 20). 
A study in two Indian states found similar results 
(21). In contrast, a U.S. randomized evaluation 
found reducing class sizes improved test scores 
(22). One hypothesis is that extra resources 
have more impact when school accountability 
is stronger. 

Evidence on nonteacher inputs is also dis- 
couraging. Neither providing additional text- 
books nor supplying instructional flip charts 
increased test scores in Kenya (23, 24). Provid- 
ing grants to local school committees to support 
their schools did not improve test scores in In- 
donesia (25). 

Some input studies provide clues to why test 
scores did not increase. Although provision of 
government-sanctioned textbooks in Kenya 
had no impact on the average student, it did 
improve learning for those that started the year 
with higher learning levels (23). This result sug- 
gests that the textbooks were tailored to the 
best performing children. This study led to a 
series of randomized evaluations examining the 
effectiveness of adjusting curricula to the child’s 
level. 

In many developing countries, educational 
systems and curricula focus on children with the 
highest learning levels. Several different peda- 
gogical strategies designed to match the level 
of instruction to the child’s level proved cost- 
effective at improving learning. A remedial edu- 
cation program in India generated a 3.01-SD 
test-score gain per $100 spent (2/). A Kenyan pro- 
gram hired extra teachers, divided grade | classes 
into two, and compared learning when students 
were assigned to classes on the basis of initial 
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preparedness or random assignment. Tracking by 
initial level of preparedness increased test scores 
at both higher and lower levels of initial prepared- 
ness. Technology can be used to tailor learning to 
a student: A computer-assisted learning (CAL) 
program in India, which used math software 
that allowed children to learn at their own pace, 
increased scores by 0.48 SD (2/), or 1.54 SD per 
$100 spent. But there were no significant test- 
score gains in Peru from the One Laptop Per Child 
program or a Colombian CAL program (26, 27), 
potentially because the programs did not tailor 
instruction to each student’s level of knowledge 
and because the computers in Colombia were 
not tied to the curriculum and therefore not 
widely used. 

Evidence from India suggests that incentiviz- 
ing teacher presence in class can improve test 
scores (28). However, the effectiveness of several 
approaches to improving teacher incentives seems 
to differ across studies. Tying teacher pay to 
student test scores improved learning in India 
(29), but in Kenya teachers responded primarily 
by teaching to the test (30). Some argue that 
informing parents about school conditions can 
lead them to demand better services from public 
schools. An evaluation of this approach in India 
found no impact (3/). In contrast, a program in 
Pakistan found providing parents with informa- 
tion on both public and private (nonelite) schools 
caused low-performing schools to improve their 
performance and higher-performing private schools 
to reduce their fees (32). An important topic for 
future work is whether these contrasting results 
are due to differences in the details of the pro- 
gram or differences in context. 

Programs that go further in empowering, rath- 
er than just informing, local communities seem 
more successful. Introducing local school com- 


Use technology to improve pedagogy, management, and accountability. Most developing- 
country classrooms contain a dramatic range of learning levels. Programs that seek to tailor 
teaching to children’s learning level have proved effective, and educational technology that tailors 
instruction to students’ knowledge levels could play an important role. In addition, monitoring 
technologies could help improve accountability and facilitate better incentives in education 


systems where one in five teachers is absent. 


Improve access to, and the quality of pre- and postprimary education. Substantial evidence 
exists on how to increase the quantity and quality of education in primary schools. But much 
more research is needed at other education levels. There is intriguing evidence that 
preprimary and early childhood programs could be highly effective in improving learning, but 
we need to know more. Secondary, vocational, and tertiary schooling are also important areas for 
research because of the rapid rise in attendance, high costs, concerns about curricular 
relevance, and the patchy state of current knowledge. 


Develop appropriate policies for regulating and supporting the private sector in education. 
In large part because of the poor quality of government-run education, private schools are 
increasingly common, even for the poor. But many of these schools are of low quality, and we 
know little about how to improve their performance or the potential role of government in 


supporting and regulating them. 
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mittees does not in itself seem to improve per- 
formance, nor does training these committees 
(25) or informing members of their duties and 
levers for improving quality (3/7). However, giv- 
ing school committees more formal links to gov- 
emment and making them more representative 
through elections did improve test scores in 
Indonesia (25). 

Studies in both Kenya and India found test- 
score gains from supplementing civil-service teach- 
ers with locally hired teachers hired on short-term 
contracts (20, 2/). The Kenya study suggests that 
if the government planned on hiring enough 
teachers to have a class size of 40 students in first 
grade, initially hiring teachers locally on short- 
term contracts at about one-fourth the salary, 
would in theory be infinitely cost-effective: It 
would improve learning while reducing costs 
relative to the current system. Another study in 
Kenya highlighted the pressures governments 
may face to turn locally hired contract teachers 
into civil servants—a move that can undermine 
their effectiveness (33). 

A more radical step would be to provide 
parents with vouchers and allow them to choose 
private schools for their children. A program in 
Colombia that combined elements of vouchers 
and merit scholarships (vouchers were contingent 
on grade completion) led to higher rates of sec- 
ondary school completion (34). More evidence 
from other developing country contexts would be 
very useful. Evidence on the overall test-score 
impact of vouchers in the United States is mixed, 
but there is at least some evidence that disad- 
vantaged African-American populations gain (35). 
One hypothesis is that these programs have a 
bigger impact where governance problems in pub- 
lic schools are more severe. 

We have learned a great deal about how to 
help those children who are not in school obtain 
access to schooling, and a number of general 
themes have emerged from research on how to 
ensure children in primary school are learning. 
Providing additional inputs without changing 
pedagogy or governance has had limited impact, 
whereas adapting teaching methods to reach the 
varied learning levels in developing countries is 
highly effective. There are three major challenges 
for education in developing countries, including 
using technology to improve pedagogy and school 
accountability, cost-effectively improving educa- 
tion access and quality outside primary school, 
and understanding the role of private education. 
In all of these areas, it will be important to study 
long-term impacts on leaming, noncognitive skills, 
labor market outcomes, health and family out- 
comes, and civic attitudes and behavior. We have 
much more to learn. 
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Specific learning disabilities (SLDs) are estimated to affect up to 10% of the population, and 
they co-occur far more often than would be expected, given their prevalences. We need to 
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Extensive research in cognitive development 


shows that children with normal or even supe- 


rio! 


r IQs, and who clearly are not mentally re- 


tarded, can fail to reach acceptable standards in 
key curriculum areas, such as literacy (2) and 
numeracy (3). The terms intellectual or learning 
disability are currently reserved for those whose 
score on an IQ test is below 70 (the lowest 2%, 
approximately). 


The evidence outlined in this Review presents 


multiple reasons why it is difficult to define neu- 
rocognitive developmental disorders. Complex ge- 
netic, brain, and cognitive processes underlying 
these conditions remain poorly understood. 
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Throughout the Review, we refer to specific learn- 
ing disabilities (SLDs), following the U.S. federal 
law definition of “a disorder in one or more of the 
basic psychological processes involved in under- 
standing or in using language, spoken or written, 
that may manifest itself in an imperfect ability 
to listen, think, speak, read, write, spell, or to do 
mathematical calculations” (4). We apply this term 
to such diverse conditions as dyslexia or autistic 
spectrum disorder to emphasize the uncertainty 
about their classifications. Irrespective of defi- 
nitions, SLDs are thought to affect approximate- 
ly 10% of the population (Table 1) and have a 
profound effect on educational outcomes. Unlike 
learners with intellectual disability, who need at 
least some educational support in all curriculum 
areas and, in severe cases, support in daily living, 
those with SLDs need support mainly in those 
areas of specific weakness. Here we focus on 
just five SLDs (Table 2). 


The Co-Occurrence of Specific 

Learning Disabilities 

An additional problem for the educator is that 
SLDs co-occur far more often than would be 
expected given their prevalences (Table 1). If, for 
example, dyslexia and dyscalculia were entirely 
independent conditions, then the expected rate of 
co-occurrence would be the product of the base 
rates: i.e., 7% X 6%, or about 0.5%. However, one 
population-based study with these prevalences 
found that 23 to 49% of children in grades 2 to 4 
had disabilities of both literacy and numeracy 
(5). Studies of selected samples of other SLDs 
also indicate a higher level of co-occurrence than 
that expected by chance. For example, of children 
with attention-deficit/hyperactivity disorder, 33 to 
45% also suffer from dyslexia (6); and 11% from 
dyscalculia (7). 

The co-occurrence of autism spectrum dis- 
order and attention-deficit/hyperactivity disorder 
have also been reported, although not consist- 
ently across the age range (8); the occurrence of 
numeracy and literacy disorders in autistic spec- 
trum disorder is roughly equivalent to that in 
typically developing learners (9). 


Domain-General Explanations 


Many studies have sought to explain SLDs and 
their co-occurrence in terms of “domain-general” 
cognitive capacities such as those measured by 
IQ tests, tests of working memory (the retention 
of task-relevant information for the duration of 
the task), or tests of processing speed. How- 
ever, there are important differences in what 
the commonly used tests measure. For exam- 
ple, the widely used Wechsler IQ tests for adults 
and children (/0, //) require knowledge of vo- 
cabulary, numbers, and arithmetic, whereas other 
tests require only spatial and reasoning skills 
(12). Different intelligence tests may thus give 
different assessments. Nevertheless, many au- 
thorities, including the U.S. Office of Educa- 
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tion and the American Psychiatric Association, 
recommend using a significant discrepancy be- 
tween IQ and a test of reading, mathematics, or 
social ability as the criterion for diagnosis of a 
SLD (see Table 2 for examples). This makes the 
diagnosis more probable for individuals of high 
intelligence and excludes the possibility that an 
individual can have both low intelligence and 
an SLD. In fact, SLDs may actually cause poor 
performance on some IQ tests. This is most ob- 
vious where the IQ test depends on reading and 
understanding and also a reasonable degree of 
numeracy (/3). 

Measures of working memory include tests of 
the ability to reproduce a string of digits in the 
presented order, whereas other tasks tap the ability 
to modify the contents of memory in response to 
current task demands. The association between 
working memory and SLD depends on the work- 
ing memory task used and the SLD being as- 
sessed (3, /4). 


Core Cognitive Deficits 

Given the problems with trying to explain the 
varieties of SLDs in terms of domain-general 
capacities, much research has been motivated by 
the postulation of core cognitive deficits that can 
give rise to the observed behavior. Core deficits 
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themselves can have many causes and variable 
behavioral manifestations (Fig. 1). 


Core Deficit in Dyslexia 

At the cognitive level, a large majority of dys- 
lexic children seem to suffer from a phono- 
logical deficit: a deficit in some aspects of the 
processing of speech sounds and their mental 
representation, although subtle visual or atten- 
tion difficulties may contribute in some cases 
(15). Dyslexic symptoms depend on the regu- 
larity of the mapping between letters and sounds 
in alphabetic orthographies and thus will present 
in different ways in, for example, Italian and 
English, but its neurological basis is always 
found in areas of the brain that link letters to 
speech sounds (/6). 


Core Deficit in Dyscalculia 


Children with dyscalculia show a core deficit 
in processing numerosities, which is revealed 
in slower and less accurate enumeration of small 
sets of objects and in comparing the numer- 
osities of sets of objects or the magnitude of 
digits (17). However, good language abilities 
appear to be needed for the typical development 
of counting, calculation, and arithmetical prin- 
ciples (/8). 


Table 1. Estimated prevalences of five specific learning difficulties. NIH research funding 
for these SLDs in 2000-2009 varied widely (2, 32) 


SLD Estimated NIH research funding 
prevalence (%) in U.S. $1000s 
Dyslexia 4-8 27,283 
Dyscalculia 3.5-6.5 1,574 
Attention-deficit/hyperactivity disorder 3-6 532,800 
Autism spectrum disorder 1 851,270 
Specific language impairment 7 28,611 


Table 2. Definitions of SLDs. Adapted from (19, 20). See the text for more detailed characterization 


of these deficits. 


SLD 


Definitions 


Development dyslexia 


Developmental disorder in learning to read, not due 


to impairments in general intelligence, sensory 
problems, emotional disturbances, or inadequate schooling. 


Developmental dyscalculia 


Substantial underachievement on a standardized test 


of arithmetic relative to the level expected, given age, 
education, and intelligence, which causes disruption 
to academic achievement or daily living. 


Attention-deficit/hyperactivity 
disorder 


Symptoms of inattention, hyperactivity, and 
impulsivity, such that these symptoms cause clinically 


significant distress or impairment in social, academic, 
or occupational functioning. 


Autism spectrum disorder 


Impairments of social interaction and communication 


and repetitive, stereotyped behavior. 


Specific language impairment 


Significant deficits in expressive or receptive language, 


not due to sensory or environmental deprivation, 
co-occur with nonverbal intelligence within the average range 
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Core Deficit in Attention-Deficit/ 

Hyperactivity Disorder 

Children diagnosed with attention-deficit/hyperactivity 
disorder may have several core cognitive defi- 
cits, including one in attention and one in con- 
trolling, and especially inhibiting, behavior. 
The American Psychiatric Association distin- 
guishes two subtypes, inattentive and hyperactive- 
compulsive (/9), whereas the World Health 
Organization distinguishes a hyperkinetic disorder 
subtype from a comorbid conduct disorder sub- 
type (20). 

Core Deficit in Autism Spectrum Disorder 

A core deficit in representing one’s own and 
other people’s thoughts and feelings is impli- 
cated in this condition, which is sometimes called 
a deficit in the theory of mind (2/). As a con- 
sequence, individuals with autism have impair- 
ments in communication that depends on 
understanding others’ intentions. However, the 
nonsocial aspects of autism, such as obsession 
with detail, are not explained by this deficit 
alone (22). 


Core Deficit in Specific Language Impairment 
Children diagnosed with this condition have dif- 
ficulties with the meaning of words, syntax, and 
pragmatics, despite adequate intelligence, sen- 
sory apparatus, and exposure to language input. 
Specific language impairment appears to result 
from several core deficits, including the pho- 
nological deficit that is shared with dyslexia. 
The vast majority of children with this condi- 
tion perform at least 1 SD below age controls, 
not only on comprehending texts, which will de- 
pend on understanding word meanings, gram- 
mar, and pragmatics, but also on reading aloud 
single words, which depends largely on the abil- 
ity to map from letters onto the component sounds 
of words (/3). 

More generally, although core deficits frequent- 
ly co-occur, they do not appear to interact. For ex- 
ample, children with attention-deficit/hyperactivity 
disorder alone performed relatively poorly on tasks 
requiring sustained attention, whereas children 
with dyslexia performed more poorly on pho- 
nological tasks; however, children with both 
conditions were not worse on either task (23). 
Similarly, children with both dyscalculia and 
dyslexia were no worse on tests of numerosity 
processing and phonological processing than 
those with just one condition (3, 24). 


Neurological Basis of SLDs 


The representative but not exhaustive evidence 
presented in Table 3 suggests that each SLD is 
associated with an abnormality in a distinct neu- 
ral network. The neuroanatomical differences 
between learners with SLDs and typically de- 
veloping learners usually have been found in 
magnetic resonance imaging (MRI) studies. How- 
ever, it should be noted that important differ- 
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Fig. 1. Networks of interaction. Schematic model of the relationships among levels of explanation— 
genetic, neural, cognitive, and behavioral—following the causal modeling framework (34). There can be 
many-one, one-many, many-many, and one-one relationships between levels. A domain-general cog- 
nitive process and a domain-specific core cognitive process can have effects on more than one behavioral 
test, and performance on a behavioral test may be affected by more than one cognitive process. Moreover, 
one cognitive process may depend on another (e.g., memory on attention), and one behavior may causally 
affect another (e.g., poor reading may impair mathematical problem solving). 


Table 3. Typical results for structural brain imaging in which probands with an SLD differ 
significantly from typically developing controls. 


Dyslexia (39) 


Dyscalculia (40) 


Attention-deficit/hyperactivity 
disorder (41, 42) 


Autism spectrum 
disorder (43) 


Specific language 
impairment (44) 


Structural difference 
with controls 


Decreased gray matter density in 


left midtemporal gyrus and increased 
density in mid-posttemporal gryus 


Decreased white matter volume 
in left arcuate fasciculus 

Decreased gray matter density in 
left intraparietal sulcus 

1. Decreased overall brain 
volume and cortical thickness 

2. Decreased volume of 
anterior cingulate cortex 

3. Decreased volume of 
frontal cortex 

4. Cerebellum 

Greater total brain volume and 
grey matter volume throughout 
life span, most prominently 
in frontal lobe 

Greater prepuberty white 
matter volume 

Abnormal perisylvian asymmetry 
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Subjects 
10 Italian, 11 French, 11 
English probands 
9 Italian, 12 French, 11 
English controls 
12 probands, 12 controls 
1. 59 probands, 80 controls. 


2. to 4. Review and 
meta-analysis 


Review and meta-analysis 


20 probands, 12 controls 


ences may not show up in the structure or activity 
of the brain as revealed by MRI, such as neuro- 
transmitter dopamine abnormalities in attention- 
deficit/hyperactivity disorder (25). 

Nevertheless, a single neurophysiological cause 
may affect distinct regions. For example, some 
individuals are prone to abnormal neuronal mi- 
gration in brain development (ectopias). Such ab- 
normal neuronal migration has been associated 
with dyslexia (26). However, it is not yet known 
whether the genetic anomalies that give rise to 
ectopias in dyslexia may also cause them in 
other brain regions, thus increasing the risk of 
other SLDs. 


Genetic Basis of SLDs 


Most recent genetic work on the etiology of de- 
velopmental disorders and their co-occurrence 


Genetic factors 
specific to 
phonological 
processing or 
brain development 
timing specific 

to reading. 


Common genetic 
influences on reading 
and mathematics disability: 
e.g. genetic polymorphisms 
involved at the general brain 
efficiency level; other generalist 
genetic processes. 


has been conducted using large unselected sam- 
ples, in which disability is defined and investi- 
gated as the low end of ability. Probands (affected 
individuals) in such studies are selected as ex- 
tremes of the distribution in any trait of interest 
in a representative sample. Such research con- 
sistently found moderate to high heritability for 
all cognitive and behavioral traits (27). Research 
suggests that all cognitive traits are polygenic: 
influenced by many genes with small effects. On 
this account, a disorder will be affected by many 
genes (27). In addition, there is pleiotropy; that is, 
the same genes may affect multiple traits impli- 
cated in diverse cognitive processes, and one gene 
may depend on the activity of another gene (a pro- 
cess called epistasis). 

Twin studies report genetic correlations of 
0.2 to 0.7 among SLDs, indicating the extent 


Common 
shared 

environments: 

9 = 
Reading-specific 

non-shared 

environments: 

Illnesses affecting 
specific brain areas 


important aspects 

of the reading 
curriculum; 
perceptions, 


Mathematics 
disability 


Genetic 
influences 


environmental 
influences 


Non-shared 
environmental 
influences 


Specific genetic, shared, and 
non-shared environmental 
influences contributing to the 
average phenotypic differences 
between the disability groups 
(mathematics or reading) and 
the normal population. 


or leading to missing 


Reading 
disability 
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to which the same genes are involved in the 
different conditions. These studies also show 
that shared environments, such as maternal stress- 
ful life events, contribute to comorbidity, espe- 
cially for autistic traits and attention-deficit 
behaviors (28). 

Nevertheless, a substantial proportion of ge- 
netic variance can also be associated with a single 
domain. For example, in one large twin study of 
7-year-olds, some 30% of genetic variance was 
specific to mathematics (29). However, it remains 
unknown whether the co-occurrence of reading, 
math, and other cognitive domains is due to a 
small set of foundational skills, influenced by 
both genetics and/or shared environment (see 
Fig. 2 for an illustration). 

Most genes found so far to be associated 
with cognition seem to work throughout the 


Common 


non-shared 
environments: 
e.g., accidents, illnesses, 
negative perceptions, 
unmotivated peers. 


Comorbid 
disability 


Disability probands are 
defined as lowest- 
performing 15% of the 
representative sample 
(N=2596). Of the 789 
mathematics probands, 
33.8% were reading 
probands. Of the reading 
probands, 33.3% were 
mathematics probands. 


General genetic, 
shared, and 
non-shared 
environmental 
influences on 
mathematics and 
reading disability. 


Fig. 2. Etiology of the overlap and specificity of mathematical and reading disabilities. Based on the data from a large-scale twin 


study (35). 
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Fig. 3. Examples of adaptive games for SLDs. (A) A still frame from a game to help young autistic 
spectrum learners to recognize facial emotions. The game uses Transporters: locomotives and cable 
cars with human faces designed to prevent the learner from avoiding faces (36). (B) Images from 
Graphogame, a method for teaching early readers and dyslexics letter-sound correspondences. The 
effects on the brain of 3 hours of training are shown in the brain images (37). (C) An edited sequence 
of events in the Dots2Track game. (Top) The learner selects a digit corresponding to the number of 
black dots on the screen. (Middle) Here the answer is incorrect, so the correct number of black dots is 
counted onto the lower track along with spoken digits, and the response in gray dots is counted down 
onto the upper line. The learner then has the opportunity to construct the correct answer by adding or 
taking away a dot until the correct answer is achieved (bottom). The constructive process promotes 
better learning (38). 


Grand Challenges 


Develop an understanding of how individual differences in brain development interact 
with formal education. Investigate how cognitive processes, their neural basis, and their genetic 
etiology influence the individual’s experience of his or her learning environment. 


Adapt learning pathways to individual needs. Each child has a unique cognitive and genetic 
profile. The educational system should be able to monitor and adapt to the learner's current 
repertoire of skills and knowledge. A promising approach involves the development of technology- 
enhanced learning applications that are capable of adapting to individual needs for each of the 
basic disciplines. 


distribution, explaining variation in the normal 
range as well as discriminating probands from 
the “normal population.” Multiple gene variants 
have been associated with dyslexia (30). Howev- 
er, the associated physiological mechanisms, 
involving neuronal migration and growth, seem 
paradoxically general, rather than specific to reading. 

Although many genetic abnormalities, such 
as Down or Williams syndromes affect many 
aspects of cognition, others can have specific 
cognitive effects (Fig. 3). Turner’s syndrome, for 
example, is linked with dyscalculia but not with 
any other SLD (3/). 


Educational Implications 


Although neurodevelopmental disabilities are 
congenital, they are rarely identified until rela- 
tively late in childhood, if at all, because spe- 
cialized assessments are difficult to access (/) 
and teachers and parents are often poorly in- 
formed about them. Moreover, because of the 
high rates of co-occurrence, it is likely that an 
unassessed SLD will be treated as the conse- 
quence of the assessed SLD. For example, the 
dyslexia in a child assessed with attention-deficit/ 
hyperactivity disorder could be assumed to re- 
sult from that condition and therefore be treated 
pharmaceutically (e.g., with methylphenidate) 
but without the specialized help that learners 
with dyslexia need. Similarly, for a child as- 
sessed with dyslexia who also has dyscalculia, 
a learning program designed to treat the read- 
ing disability alone may be implemented. This 
may be particularly true when one condition is 
more spectacular or obvious than the other, or 
indeed when one SLD is more intensively re- 
searched than another. For example, National 
Institutes of Health (NIH) research funding in 
2008-2009 for autistic spectrum disorder was 
31 times greater than for dyslexia and 540 times 
greater than for dyscalculia [see the analysis in 
(32), based on data from http://projectreporter. 
nih.gov/reporter.cfim]. 

To meet these grand challenges, two impor- 
tant systemic changes will need to take place. First, 
research into the developmental trajectories of 
neurocognitive disorders is desperately needed, 
especially those leading to specific language im- 
pairment, dyslexia, and dyscalculia, which are 
relatively neglected in terms of research funding, 
despite their impact on the life chances of af- 
fected learners (33). But it is also vital to study 
the even more neglected co-occurrences among 
SLDs and the educational consequences of co- 
occurrence. Are the effects of two SLDs additive 
or multiplicative? What is the etiology of these 
effects? Better understanding of the etiology will 
also help with individualizing education for all 
learners. Second, and informed by the first, teach- 
ers, school psychologists, and clinicians need to 
be trained to identify and understand SLDs and to 
design learning pathways for each individual 
sufferer. 
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Physical and Virtual Laboratories 
in Science and Engineering Education 


Ton de Jong,’* Marcia C. Linn,” Zacharias C. Zacharia? 


The world needs young people who are skillful in and enthusiastic about science and who view 
science as their future career field. Ensuring that we will have such young people requires 
initiatives that engage students in interesting and motivating science experiences. Today, students 
can investigate scientific phenomena using the tools, data collection techniques, models, and 
theories of science in physical laboratories that support interactions with the material world or in 
virtual laboratories that take advantage of simulations. Here, we review a selection of the literature 
to contrast the value of physical and virtual investigations and to offer recommendations for 


combining the two to strengthen science learning. 


cluding scientific investigations in courses 
for students of all ages (/, 2). Research 
shows advantages for science inquiry learning 
where students conduct investigations compared 
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with typical instruction featuring lectures or teacher 
demonstrations (3, 4). Investigations provide op- 
portunities for students to interact directly with 
the material world using the tools, data collection 
techniques, models, and theories of science (/). 
Physical, hands-on investigations typically fill 
this need, but computer technologies now offer 
virtual laboratories where investigations involve 
simulated material and apparatus. The value of 
physical laboratories for science learning is gen- 
erally recognized (/), but the value of virtual, 
simulated alternatives for hands-on physical lab- 
oratories is contested (5). We explore whether 
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this hesitation concerning virtual laboratories is 
justified. 


Affordances of Physical and 
Virtual Laboratories 


Physical and virtual laboratories can achieve sim- 
ilar objectives, such as exploring the nature of 
science, developing team work abilities, culti- 
vating interest in science, promoting conceptual 
understanding, and developing inquiry skills, 
yet they also have specific affordances (/). Using 
physical equipment, students can develop prac- 
tical laboratory skills, including troubleshooting 
of machinery, and can experience the challenges 
many scientists face when planning experiments 
that require careful setup of equipment and ob- 
servations over long time spans. A related af- 
fordance of physical laboratories is that they 
can take advantage of tactile information that, 
according to theories of embodied cognition, 
fosters development of conceptual knowledge 
[see e.g., (6, 7)]. 

An important affordance of virtual labo- 
ratories is that reality can be adapted. Designers 
of virtual experiments can simplify learning by 
highlighting salient information and removing 
confusing details (8), or they can modify model 
characteristics, such as the time scale, that make 
the interpretation of certain phenomena easier 
(9). Students can conduct experiments about un- 
observable phenomena, such as chemical reac- 
tions, thermodynamics, or electricity (/0—/3). 
For example, students can vary the properties 
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of light rays that travel between a light source 
and screen (Fig. 1) (74, 75). In virtual labo- 
ratories, students can also directly link unob- 
servable processes to symbolic equations and 
observable phenomena, which encourages them 
to make abstractions over different representa- 
tions (/6—/8). 

Virtual experiments offer efficiencies over 
physical experiments because they typically 
require less setup time and provide results of 
lengthy investigations instantaneously (/9). 
This enables students to perform more experi- 
ments and thus to gather more information in 
the same amount of time it would take to do 
the physical experiment. Physical experiments, 
however, typically include authentic delays 
between trials that encourage careful plan- 
ning and reflection of the next investigation 
(20). 

Finally, in physical investigations students 
learn about the complexities of science by dealing 
with unanticipated events, such as measurement 
errors (2/). In contrast, in virtual laboratories 
students are not distracted by aberrations in 
the equipment or unanticipated consequences 
(22). Of course, measurement errors could be 
modeled in virtual environments, but ensuring 
that they are authentic would require careful 
research. 

Both physical and virtual investigations suc- 
ceed when they include worksheets and online 
and teacher guidance to help students distinguish 
among their own ideas and the ones demon- 
strated by the investigation. For example, students 
benefit when asked to predict the outcome of an 
experiment and then to compare the result with 
their own ideas (4, 23, 24). Similarly, students 
learn how to extract valid information from a 
complex visualization when they draw what they 
observed in an experiment about bond break- 
ing (/2). For virtual experiments, computer tech- 
nologies can log student interactions and use 
the information to diagnose random or uninform- 
ative investigations and to prompt students to 
revise their experimentation strategies and to re- 
flect on their findings (25), Teachers can use logs 
of student work to flag ideas for class discussion, 
plan their lessons, identify groups of students 
who need specialized tutoring, and refine their 
instruction (4). 


Empirical Studies Comparing 
Physical and Virtual Laboratories 


Many well-controlled comparison studies report 
no differences between physical and virtual lab- 
oratories. For example, Wiesner and Lan (26), 
compared virtual and physical equipment for 
measuring heat exchange, mass transfer, and 
humidification and found no differences in the 
performance of chemical engineering students 
on a test measuring underlying principles. No 
differences between virtual and physical exper- 
iments on tests of conceptual understanding are 
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reported by Klahr et al. (27) for seventh and 
eighth graders designing a car or by Zacharia 
and Constantinou (/0) for undergraduates learn- 
ing about heat and temperature. For measures 
of inquiry skills, Triona and Klahr (28) found 
no difference in virtual and physical experi- 
ments for fourth and fifth graders investigating 
the behavior of springs. These studies illustrate 
that, for acquiring conceptual knowledge, vir- 
tual laboratories can replace physical ones. 
These studies also suggest that tactile informa- 
tion does not appear to be a requirement for 
the development of conceptual knowledge 
or inquiry skills with the exception of students, 
especially young children, who do not have 
previous relevant physical experience with the 
phenomenon or concept under study; for ex- 
ample, Zacharia et al. (7) found that young chil- 
dren (aged 5 to 6) learning about the working 
of the balance beam gained more knowledge 
from physical laboratories than from virtual 
laboratories. 

Many studies show the advantages of vir- 
tual, interactive exploration of unobservable 
phenomena compared with physical experi- 
ments of observable phenomena. For example, 
university students who investigated simulated 
electric circuits showing moving electrons ac- 


quired more conceptual knowledge than those 
using physical materials (29). Similarly, stu- 
dents using virtual optics materials displaying 
light rays outperformed those using physical 
materials (30). Studies show that virtual ex- 
periments can enable students to use complex 
inquiry practices to separate variables that 
might be difficult to use in physical experiments 
(17, 27). 

The idea that virtual experiments support the 
acquisition of conceptual knowledge because 
they produce clean data is also supported in re- 
search. For example, first-year secondary students 
conducting virtual chemistry experiments out- 
performed those using a physical laboratory on 
conceptual understanding, which was partly ex- 
plained by the messy data produced by the 
physical lab (22). 

In the domain of heat and temperature, 
Zacharia et al. (19) found that the use of vir- 
tual laboratories offered students more time to 
experience an experiment and to concentrate 
on its conceptual aspects than the correspond- 
ing physical laboratories, because the virtual 
laboratories allowed faster manipulation of the 
materials involved in the experiments of the 
study’s curriculum. On the other hand, this ease 
of experimentation may also lead to less-structured 


Fig. 1. OptiLab (from the AMAP software) illustrates unobservable light rays to help students 
understand light's behavior (e.g., how the light rays travel, what happens when light rays reach 
an obstacle or a colored acetate, and the color of the rays involved). In the Optilab environment, 
students are provided with a virtual workbench on which experiments can be performed, virtual 
objects (e.g., cubes and metal rings) to compose the experimental setup, virtual materials (e.g., 
colored light sources, different color filters) whose properties are to be investigated, and virtual 
instruments (e.g., rulers) and displays (e.g., screen). Students could construct their own virtual 
experimental arrangements by simple and direct manipulation of virtual objects, materials, and 
instruments. The software allows lighting up to three light sources at a time; adding as many 
objects as needed between the light source and the screen; changing the distance between 
objects, materials, and instruments; and changing the angle that the experimental setup could 
be observed. The software offers feedback throughout the conduct of the experiment by 
presenting information (e.g., distance and color) through the displays (the screen and the light 


ray display) of the software. 
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investigations by students as recently found, in 
a situation without guidance for experimenta- 
tion, by Renken and Nunez (20). 

These studies show advantages for each 
type of laboratory, as well as trade-offs. Ben- 
efits of virtual laboratories arise when students 
can investigate unobservable phenomena that 
are not found in the physical investigation, con- 
duct many more experiments than are possible 
in the physical setting, link observable and atomic 
level phenomena, or contrast different depictions 
of similar phenomena. Physical laboratories have 
advantages when the instructional goal is to have 
students acquire a sophisticated epistemology 
of science, including the ability to make sense of 
imperfect measurements and to acquire practical 
skills. 


Combining Physical and Virtual Laboratories 

Combinations of physical and virtual experi- 
ments can capitalize on the features of each 
approach. Huppert et al. (37), for example, found 
that a group of microbiology students who car- 


ried out physical laboratories were less suc- 
cessful on a conceptual test than a group where 
a simulation was substituted for one labora- 
tory session. Zacharia et al. (19) found that stu- 
dents conducting a physical laboratory and a 
virtual laboratory outperformed students do- 
ing the physical laboratory on conceptual un- 
derstanding of heat and temperature. Kolloffel 
and de Jong (/6) found that vocational engineer- 
ing students who did a combination of virtual 
and physical laboratory were more successful than 
those doing a physical laboratory alone on both 
conceptual and procedural knowledge of elec- 
tric circuits. Climent-Bellido, Martinez-Jiménez et al. 
(32) compared chemistry students who used a 
physical laboratory with students who used a 
simulation of distillation preceding the phys- 
ical laboratory and found an advantage for 
the combination. Olympiou and Zacharia (30) 
studied freshmen students learning about op- 
tics under three conditions: only virtual, only phys- 
ical, and a combination. Students in the combined 
condition outperformed those in the physical alone 
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and virtual alone conditions, attesting the value of 
the combination over both other conditions. 

Also, Jaakkola et al. (1/7) found an advan- 
tage for students who conducted physical and 
virtual experiments over those conducting 
virtual experiments alone for sixth grade stu- 
dents learning about electric circuits on a measure 
of conceptual knowledge. Jaakkola et al. (33) 
analyzed videotapes of students as they were 
learning and found that, in the combination con- 
dition, students profited from comparing two po- 
tentially different representations of the same 
phenomena and using abstract reasoning to ana- 
lyze the differences. 

Combinations of virtual and physical ex- 
periments have succeeded independently of the 
order of investigation. Toth et al. (2) studied 
DNA gel electrophoresis and found a small but 
nonsignificant advantage for starting with the 
virtual laboratory and then follow a physical 
laboratory compared with following the reverse 
order. Chini et al. (34) studied conceptual un- 
derstanding of pulleys and found no differences 
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Fig. 2. Air bags unit. In the air bags Web-based Inquiry Science Envi- 
ronment (WISE) unit, students conduct virtual experiments to explore a pro- 
fessional laboratory: conditions leading to injuries from an air bag deployed 
in a car crash. Students make predictions about the variables (such as the 
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driver's height), test their conjectures, interpret graphs of the results, review 
the record of their experiments, and explain their reasoning. Teachers use 
online tools to monitor progress of their students, flag student work for 
discussion, and give online guidance. 
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Grand Challenges 


Create online environments that use stored data from individual students to guide them 
to virtual experiments appropriate for their stage of understanding. In this way, online 
environments can provide students with personalized guidance to maximize outcomes. 


Determine the ideal balance between virtual and physical investigations for courses in different 
subject areas. Although the best combination may vary based on circumstances, combining both 
virtual and physical investigation is likely to be optimal. 


Identify the skills and strategies teachers need to implement a science curriculum fea- 
turing virtual and physical laboratories. The aim is to create a professional development pro- 
gram that enables teachers to revise their lessons based on information obtained from student 


online work. 


between a virtual-physical and a physical-virtual 
sequence. Overall, well-designed combinations 
of virtual and physical experiments compared 
with either one alone allow students to gain a 
more nuanced understanding of scientific phenom- 
ena and a more robust understanding of inquiry. 


Conclusions 


Both virtual and physical investigations can meet 
the goals for investigation in science courses. 
Both approaches allow students to use tools, data- 
collection techniques, models, and theories of 
science (/). Virtual experiments delivered with 
computer technology add value to physical ex- 
periments by allowing students to explore un- 
observable phenomena; link observable and 
unobservable phenomena; point out salient in- 
formation; enable learners to conduct multiple 
experiments in a short amount of time; and pro- 
vide online, adaptive guidance. Combinations of 
virtual and physical laboratories offer advan- 
tages that neither one can fully achieve by itself. 

In addition to their virtues for promoting con- 
ceptual knowledge, virtual laboratories have ad- 
ditional advantages such as offering cost-effective 
alternatives to physical laboratories for topics 
such as DNA gel electrophoresis (2/), They also 
give students the opportunity to use experimental 
systems that are beyond the reach of schools [as 
is illustrated for the air bags project (Fig. 2)] (77). 
In addition, they can enable students to investi- 
gate conjectures that are not possible in physical 
experiments by, for example, changing the mag- 
netic field of the earth, varying accumulation of 
greenhouse gases, or studying the impact of ex- 
treme heart rate and blood pressure. 

Virtual investigations can equal or exceed the 
impact of physical investigations on measures of 
conceptual understanding but the excitement of 
conducting hands-on experiments also deserves 
attention. Studies comparing virtual and physical 
experiments have primarily measured impacts on 
conceptual understanding of scientific phenome- 
na and inquiry practices, but other outcomes, 
such as interest in science as a career, are worthy 
of investigation. 


Research on virtual and physical laboratories 
calls for nuanced decision-making (27). Clearly, 
there are times when virtual investigations could 
be equal to or more effective than physical in- 
vestigations and times when physical laboratories 
are most appropriate. Designers of instruction 
can improve outcomes by taking advantage of 
the affordances of each type of laboratory. How- 
ever, design of guidance to ensure that students 
benefit from laboratories remains the most cru- 
cial variable in the success of science instruction 
(35). To design laboratories that take advantage 
of powerful guidance requires interdisciplinary 
teams involving domain experts, technologists, 
and learning scientists. Such teams typically re- 
fine their designs based on trials in instructional 
settings. 

More opportunities to take advantage of vir- 
tual or online investigations arise regularly and 
deserve further study. For example, funding from 
the European Union is making data from facil- 
ities such as the CERN particle accelerator or the 
European Space Agency’s satellites available for 
use in schools (36). In addition, new technologies 
are increasing access to remote laboratories [e.g., 
(36, 37)], raising new questions for researchers. 
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PERSPECTIVE 


Teacherpreneurs: A Bold Brand of 
Teacher Leadership for 21st-Century 
Teaching and Learning 


Barnett Berry 


Challenges facing our public schools demand a bold brand of teacher leadership. Teacherpreneurs, 
effective teachers who teach students regularly but also incubate and execute the kinds of policies 
and pedagogies students deserve, represent a new culture of training and ingenuity. Teachers who 
lead outside the classroom but do not lose their connection to students are best positioned to develop and 
disseminate best policies and practices for 21st-century teaching and learning. 


1966, there has been a steady drip of em- 

pirical evidence showing that teachers are 
the most crucial in-school factor for student learn- 
ing (/—-4). And while U.S. policy-makers have 
sought to reform education by improving teacher 
quality, in doing so they have not paid a great deal 
of attention to the research on teaching and learn- 
ing. Making matters more complicated, America’s 
approach to the teaching profession has been driv- 
en more by ideological agendas and power politics 
than by scientific evidence. 

Just as dusty blackboards still hang in some 
classrooms, many reformers fail to envision 
schools that look different than they did when 
they were students. We have entered a new era 
with advanced learning technologies (5) and 
growing scientific evidence on how humans learn, 
with enormous implications for teachers and 
teaching (6). New methods of assessing cognition, 
emotion, and learning make it possible for teachers, 
if they are well prepared and supported, to serve 
students in ways previously unimaginable (7, 8). 

Although teachers are paramount to student 
learning, too few education policies promote lead- 
ership from those who teach. 


S ince the release of the Coleman Report in 


Why We Need a Bold New Brand 
of Teacher Leadership 


Isolated behind the closed doors of individual 
classrooms, teachers traditionally have had little 
time to observe and learn from their peers. How- 
ever, education research demonstrates that when 
teachers collaborate with one another, their stu- 
dents’ achievement improves (9). Economists, using 
sophisticated statistical methods and large data- 
bases, have concluded that students score higher 
on achievement tests when their teachers have op- 
portunities to work with colleagues over long pe- 
riods of time and spread their expertise (/0). And 
in the 2009 MetLife Survey of the American 
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Teacher, over 90% reported that their colleagues 
contribute to their individual teaching effective- 
ness (//). 
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Richard Elmore made the compelling case 
that many education policies and practices often 
wither, primarily because reformers fail to “de- 
velop organizational structures that intensify and 
focus” the new reforms supported by too few 
“intentional processes for [the] reproduction of 
successes (/2).” His research pointed out that 
reform is about learning, and for teachers to teach 
more effectively they must have “encouragement 
and support, access to special knowledge, time to 
focus on the requirements of the new task, time to 
observe others doing it (/2).” 

But these conditions rarely are in place. Com- 
pared to teachers in nations with top-performing 
education systems, like Singapore, most U.S. teach- 
ers have very limited access to leadership and 
learning opportunities or time to engage in high- 
quality professional development—such as the 
“lesson study” common in Singapore and Shanghai 
(73). Because of the hierarchical structure of U.S. 
schools, teachers who want to lead outside their 


Teacherpreneurs lead in many capacities inside and outside the classroom. Though they are 


exceptional teachers, they are not the exception. 
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own classroom have had to leave it to become 
administrators, district leaders, or policy-makers. 


The Coming Age of Teacherpreneurs 


America’s public education system needs 
teacherpreneurs—classroom experts who teach 
students regularly, but also have time, space, and 
reward to spread their ideas and practices to col- 
leagues as well as administrators, policy-makers, 
parents, and community leaders. The Center for 
Teaching Quality has supported as well as docu- 
mented how this special brand of teacher leaders 
has begun to serve as online coaches, edugame devel- 
opers, community organizers, and policy analysts, 
without leaving the classroom (/4). In doing so, 
they have begun to solve problems of student and 
teacher learning that today’s reformers have yet to 
identify. Daunting barriers remain, including the 
relatively large number of educators in school sys- 
tems who never teach, the highly prescriptive teach- 
ing day, and top-down reformers whose political 
agendas are out of sync with the ideas of classroom 
experts. However, teacherpreneurs, because of their 
deep knowledge of students, families, and communities, 
are more likely to be embraced by their colleagues. 

I am optimistic. Most Americans have trust 
and confidence in individual teachers (/5), and 
new technologies that amplify teachers’ collec- 
tive wisdom and the impact of their leadership 
will resonate with parents and the public. Addi- 


REVIEW 


tionally, MetLife’s most recent survey revealed 
that one in four teachers nationwide are extreme- 
ly or very interested in hybrid roles that would 
allow them to both teach and lead outside their 
schools, districts, and states (/6). 

While these classroom experts should be high- 
ly paid, teacherpreneurship is not mainly about 
establishing a new income stream for underpaid 
professionals. It is much more about rewarding 
a new culture of schooling and creativity. As 
Peter Drucker said of entrepreneurs almost 50 years 
ago, “search for change, respond to it and exploit 
opportunities (/7).” It is time for America to cul- 
tivate teacherpreneurs who will do the same, 
deepening and spreading best policies and prac- 
tices for 21st-century teaching and learning. 
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Professional Development 
for Science Teachers 


Suzanne M. Wilson 


The Next Generation Science Standards will require large-scale professional development (PD) 
for all science teachers. Existing research on effective teacher PD suggests factors that are 
associated with substantial changes in teacher knowledge and practice, as well as students’ science 
achievement. But the complexity of the U.S. educational system continues to thwart the search 

for a straightforward answer to the question of how to support teachers. Interventions that take 
a systemic approach to reform hold promise for improving PD effectiveness. 


alls for improving science education in the 

United States, such as raising standards for 

all children and focusing the curriculum, 
are loud and clear. The Next Generation Science 
Standards (NGSS) [www.nextgenscience.org (/)] 
press for a vision of science teaching that em- 
phasizes students’ active engagement in genu- 
ine scientific problems, a commitment to “less 
is more,” and an approach to make science ap- 
pealing to all students. Of central importance are 
scientific practices and the integration of students’ 
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learning of core disciplinary concepts with active 
engagement in doing science (2). In addition, 
an increased emphasis on studying engineering 
is integrated throughout this new vision of science 
teaching and learning. Helping current teachers 
acquire the knowledge, skill, and will to meet these 
new standards is a daunting enterprise requiring 
large-scale professional development (PD) of high 
quality that is adaptable across myriad contexts. 

Teachers in the United States have access to a 
wealth of PD opportunities, including summer in- 
stitutes, coaching, mentoring, school-based profes- 
sional learning communities, research experiences 
with practicing scientists, and “make-and-take” 
events that introduce teachers to new materials. 
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Teachers study together, conduct inquiries, read 
research, learn new technologies, navigate multi- 
media environments, and read cases. These PD 
programs have different goals: Traditionally, much 
PD has focused on enriching teachers’ content 
knowledge (CK), introducing new curriculum and 
instructional materials, enhancing pedagogical 
CK, or educating them about scientific inquiry. 
The U.S. PD system is a carnival of options. 


Research on Science PD 


Carefully designed research, drawing from a range 
of disciplinary approaches from ethnographies to 
randomized clinical trials, has begun to shed light 
on what makes for effective PD. Five general 
characteristics have been identified: (1) focusing 
on specific content, (ii) engaging teachers in active 
learning, and (iii) enabling the collective partic- 
ipation of teachers (sometimes administrators), as 
well as (iv) coherence (aligned with other school 
policy and practice) and (v) sufficient duration 
(both in intensity and contact hours) (3-6). 
Researchers have nominated five additional 
factors for effective PD: (i) activities are close to 
practice (7), (ii) participants’ physical and psy- 
chological comfort is taken into account (8), (iii) 
teachers are immersed in inquiry experiences 
and witness models of inquiry teaching (6), (iv) 
curriculum materials are educative for teachers 
and students (9, /0), and (v) teachers receive di- 
rect instruction in the teaching specified in inno- 
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vative materials (//). Repeatedly, the importance 
of strong principal support is emphasized (/2). 

Recently, there has been an effort to test these 
“best practices” with rigorous research. Here, I 
consider meticulously peer-reviewed literature. 
The U.S. Department of Education funded two 
clinical trials to examine the effects of PD in math- 
ematics and literacy. One of these trials examined 
the impact of two research-based PD interven- 
tions for reading: (i) a content-focused teacher 
institute series that began in the summer and con- 
tinued over the school year and (ii) the same in- 
stitute series plus in-school coaching (/3). The 
sample included 90 schools in six districts (270 
teachers), with equal numbers of schools in each 
district randomly assigned to one of the two treat- 
ments or to the control group, which participated 
only in the usual district PD. Teachers in treatment 
schools scored significantly higher on the teacher 
knowledge test than did teachers in control 
schools; teachers in the treatment schools also used 
explicit instruction more often. However, neither 
PD intervention resulted in significantly higher stu- 
dent test scores, and there was no additional benefit 
of the PD enhanced by the coaching. One year 
later, there were no major lasting effects on teacher 
or student outcomes. Similar results were found in 
a study of PD for mathematics teachers (/4). 

A handful of experimental studies have focused 
on science-specific PD. Using a randomized experi- 
mental design in 39 school districts in six states, 
researchers compared the effects of three sys- 
tematically varied teacher interventions that are 
common forms of PD—teaching cases, looking at 
student work, and metacognitive analysis (as well 
as “business as usual” as a control condition}—on 
teacher and student science CK (/5). Participat- 
ing districts had to be well established and stable, 
with strong science leadership; 270 elementary 
teachers and 7000 students participated in the 
study. Each intervention involved a 14-week elec- 
tric circuits course offered in 3-hour sessions. Hi- 
erarchical linear models were fitted to gain scores 
from pre- to posttest for students and from pretest to 
follow-up test for teachers. Separate models 
analyzed teacher and student outcomes. Research- 
ers found that each PD course significantly in- 
creased teacher and student science test scores, 
and the effects held one year later. However, only 
PD that involved teachers examining student think- 
ing and considering the implications for instruc- 
tion was associated with increases in both teacher 
and student science knowledge. 

In the Science Teachers Learning through Les- 
son Analysis (STeLLA) project, teachers participated 
in PD that involved analyzing science teaching 
practice using video cases (/6). Two groups of 
elementary teachers participated in a 3-week PD 
summer institute (SI) designed to enhance their 
CK. The STeLLA group ( = 32 participants) also 
analyzed video cases during the SI and through- 
out the school year. Sixteen teachers participated 
in the content-focused SI only. The program sub- 
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stantially improved teachers’ CK and their ability 
to analyze science teaching. Students of STeLLA 
teachers also demonstrated considerably higher 
gains in their science CK. Teachers who partic- 
ipated in the content-only SI demonstrated initial 
gains in CK immediately after the summer but 
were unable to maintain those gains through the 
school year. 

In another study, researchers conducted an effi- 
cacy study of three PD programs in a large urban 
district: investigating Earth sciences, Earth sciences 
by design, and a hybrid of the two (//). Teachers 
experienced one of four conditions that differed 
along two dimensions: (i) whether teachers expe- 
rienced PD that provided guidance in selecting 
relevant curricular materials and included inquiry- 
oriented instruction and (ii) whether teachers 
received PD that included direct instruction in 
teaching practices. Researchers found that PD with 
direct instruction in teaching practices can increase 
students’ knowledge of Earth science, but there 
were mixed results conceming the claim that help- 
ing teachers select curriculum that is coherently 
aligned with standards and includes inquiry-oriented 
activities will lead to increased student learning. 

Although there are a growing number of re- 
search studies that examine the effectiveness of 
the five features of PD described above, the evi- 
dence is uneven, and we lack clear direction. Why 
the uneven empirical base? If no curriculum is 
teacher-proof, it seems obvious that no curriculum 
is context-proof: Resources, students, leadership, 
and teacher knowledge shape an intervention’s 
implementation. Even when interventions are im- 
plemented with high fidelity, schools are subject to 
forces beyond researchers’ control. District leader- 
ship churns, new curriculum and assessments ar- 
rive, policies change, and resources are cut. These 
factors vex researchers who need to control these 
changes as much as possible. 

Another reason for the uneven research base 
is that we lack sound measures of teachers’ 
knowledge of science for the classroom, as well 
as aligned measures of students’ understanding 
represented in the NGSS. Currently available 
measures of student learning focus largely on 
the mastery of scientific facts but do not assess 
students’ conceptual understanding or their abil- 
ities to engage in scientific practices, which are 
the foci of much PD. 

A third issue is that much PD does not iden- 
tify specific instructional practices that teachers 
can master, nor are teachers given the time and 
structures needed for repeated practice and suf- 
ficient reflection (/7). Instead, teachers learn 
about general approaches to instruction and take 
those ideas back to their classrooms, where they 
may (or may not) try to implement some of these 
methods. In one study, researchers found that two 
PD programs focusing on scientific inquiry led to 
changes in teachers’ practice, but the experimen- 
tal impacts corresponded to the features of scien- 
tific inquiry that the teachers were exposed to the 
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most (/8). Both PD programs emphasized ques- 
tioning and gathering evidence, but neither effort 
uniformly engaged teachers in other clearly spe- 
cified features of inquiry, such as formulating and 
justifying explanations and connecting those ex- 
planations to scientific knowledge. Most trou- 
bling was the finding that students in one program 
had lower standardized test scores than students 
in a control group in the first year of the study. 
Researchers hypothesized that learning to ask 
scientific questions and gather evidence without 
connecting those activities back to scientific ex- 
planations and concepts might leave students and 
teachers more confused than before. An alter- 
native explanation might be that PD that fails to 
clearly explicate different aspects of an instruc- 
tional regime in detail—and to provide sufficient 
opportunity for repeated practice with focused 
feedback—will be less effective. 

Additionally, researchers lack a clear theo- 
ry of the underlying mechanisms involved in 
teacher learning. For instance, researchers have 
argued that teachers’ increased CK leads to 
better self-efficacy (/9). In turn, this increased 
efficacy leads to higher levels of persistence. 
Thus, teachers who increase their CK also im- 
prove their confidence, which leads to more 
motivation and perseverance as teachers learn to 
educate in fundamentally different ways. The five 
general characteristics listed above—duration, 
active learning, collective participation, coher- 
ence, and content focus—are design features, 
but future research will need to explore how these 
features work together to produce teacher learning. 
Using the above example, does a focus on con- 
tent lead to greater teacher confidence, which, in 
turn, leads to greater active engagement and, 
eventually, higher student achievement? 

A more complex view of teacher learning is 
clearly needed, one in which professional learn- 
ing is seen as more dynamic and iterative, con- 
necting teachers’ experiences in their classrooms 
with formal opportunities for collective reflec- 
tion and for acquiring new knowledge that tar- 
gets genuine problems of practice (/7). Models 
of teacher learning should also account for the 
internal coherence of a school’s leadership, cul- 
ture, curriculum, assessments, and PD, as teachers 
learn inside of organizations that fundamental- 
ly shape their interests in and abilities to learn 
from practice (20). 

Although researchers have identified several 
features of effective PD, rigorous research has 
yet to produce conclusive support for those char- 
acteristics. Problems include a lack of sound 
measures and a strong theoretical understanding 
of the mechanisms of teacher learning. 


PD Embedded in School Reform 

An understanding of how PD fits into the edu- 
cational system’s larger ecology is also needed. 
PD may be best understood as nested within an 
environment that includes schools (which have 
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their own cultures and norms), districts (which 
have their own leadership and capacity), students 
and their families (who have their own back- 
grounds and expectations), teachers (who have 
their own knowledge and experience), and cur- 
ricular materials and other resources. This view 
has led reformers to create education reform ef- 
forts that take a systems approach to improvement, 
considering leadership, curricula and assessments, 
PD, organizational infrastructure, and human and 
social capital. In a longitudinal study of school 
change, one research team identified five sup- 
ports for change: (i) leadership (principals who 
are strategic, focused on instruction, and inclusive), 
(ii) professional capacity (teacher quality, their 
beliefs about change, their capacity to work col- 
laboratively, and the quality of ongoing profes- 
sional development), (iii) parent-community ties 
(schools that are welcoming to parents and have 
strong connections to local institutions), (iv) 
student-centered learning environments (schools 
that are safe, nurturing, stimulating, and welcom- 
ing), and (v) instructional guidance (the orga- 
nization of the curriculum, its academic rigor, 
and the tools teachers have to advance learning) 
(21). The researchers found that the real value of 
these supports was in their combined strength: 
Schools with strength in three to five of these 
supports were 10 times more likely to demon- 
strate significant learning gains (as measured in 
mathematics and reading). 

Initiatives that take a systemic view of edu- 
cational improvement present challenges to those 
who want to draw causal conclusions about the 
contributions of specific components of the re- 
form to student learning. Teachers’ knowledge and 
perceptions, administrative support, PD, and avail- 
able resources, among other factors, are intertwined 
with student experiences with inquiry, teachers’ 
collaborations, technology use, and other aspects 
of the system. It is nearly impossible to isolate the 
effects of PD on student learning. 


Pressing Challenges 
Going to scale with effective PD for the entire 
teacher workforce of 3.7 million will require more 
research. We face several looming challenges: 
preparing educators to teach the NGSS, meet- 
ing the needs of English-language learners (ELLs), 
and harnessing new communication technolo- 
gies to produce quality online science-specific 
PD that is both effective and widely available. 
The NGSS present a view of science teaching 
that differs from the standard fare in U.S. class- 
rooms. Getting from here to there will require con- 
siderable investment of resources: The research 
described here required considerable development 
of highly specified instructional materials and tools 
to support teachers and students in using those ma- 
terials; additionally, this research validated ongoing 
assessments of leaming and responsive, extensive 
PD. Responding to the NGSS will require the 
development of many more such resources, and 
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this innovation will need a coordinated system of 
research to empirically document the hallmarks of 
effective instruction, the qualities of effective 
materials, and the dynamics of high-quality PD. 
Although the array of available PD in this country 
is extraordinary, we cannot afford such broad ex- 
perimentation without learning from it so that we 
can much better align the resources spent on PD 
(estimates range from $1 billion to $4 billion per 
year) with the demands teachers face in today’s 
classrooms. 

We especially cannot afford the high cost of 
experimentation, given the changing U.S. demo- 
graphics. At least 21% of our students are ELLs, 
and helping them engage in science is a pressing 
problem for all K-12 science teachers. Only 2% of 
eighth-grade ELLs achieved at or above proficiency 
levels on the 2009 National Assessment of 
Educational Progress in science (compared with 
32% of English-speaking students) (22). Only 
12% of practicing teachers reported that they 
had any training in teaching ELLs. The percent- 
ages are probably much lower for teachers who 
have had PD in teaching science to ELLs. 

Recent research has begun to explore this chal- 
lenge by offering PD that integrates learning sci- 
ence and literacy. One such intervention focused on 
promoting the learning of science inquiry by stu- 
dents from linguistically and culturally diverse back- 
grounds (23). The study investigated the impact 
of an inquiry-based intervention on students’ ability 
to conduct inquiry. The intervention involved units 
for grade 3 (measurement and matter) and grade 4 
(water cycle and weather). Across the year, teachers 
attended four full-day workshops that covered 
scientific inquiry, instructional scaffolding, and 
balancing teacher guidance and student ini- 
tiative. Teachers worked on unit plans, demon- 
strated lessons, and shared ideas. Other workshop 
topics included incorporating students’ home lan- 
guages and cultures into instruction, as well as 
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incorporating language and literacy into science. 
Seven teachers in six elementary schools in a large 
urban district participated in a field study that in- 
vestigated the PD’s effects on students’ under- 
standing of inquiry. Researchers documented a 
significant growth in students’ understanding of 
inquiry from pre- to posttest. In another project, 
researchers found that when teachers participated 
in a 3-year effort to provide both curriculum ma- 
terials and PD designed to improve teaching prac- 
tices, the science achievement scores of third- to 
fifth-graders were significantly raised, and achieve- 
ment gaps among demographic subgroups de- 
creased consistently for third- and fifth-graders 
and held steady for fourth-graders (24). Other re- 
searchers report on a quasi-experimental study ofa 
science intervention that targeted ELLs and low— 
socioeconomic status non-ELLs (25). Students who 
participated in the treatment classrooms demon- 
strated significantly higher achievement on dis- 
trict benchmark tests in science and reading, as 
well as on the state reading exam, but not on state 
science tests. 

Another challenge concems the accessibility 
of high-quality PD. Ina recent survey, the majority 
of science teachers reported that they were pro- 
vided more opportunities for generic PD than 
science-specific PD (24). In this case, new tech- 
nologies might hold promise. Online PD has the 
potential for providing “just-in-time assistance” and 
is potentially more scalable than PD that presses 
on limited local resources. In addition to online 
courses, other emerging environments—such as 
multi-user virtual environments in which the par- 
ticipants take on avatars in virtual worlds, aug- 
mented realities in which participants in their own 
real-world contexts interact with a virtual setting, 
and social networks that connect teachers across the 
country—also hold promise for increasing teachers’ 
access to relevant, high-quality science PD and 
materials (26). To date, not enough research exists 


Identify the underlying mechanisms that make some teacher professional development (PD) 
programs more effective than others. Rigorous research on effective PD for science teachers is 
gradually accumulating, but we need a stronger theoretical base that reflects the complex ecology 
in which teachers work and learn. We also need better measures and interventions that are more 


highly specified to meet particular teacher needs. 


Identify the kind of PD that will best prepare teachers to meet the challenges of the Next 
Generation Science Standards (NGSS). The NGSS specify an entirely new way of teaching 
science in the United States. It will require a considerable investment of resources to develop 
appropriate instructional materials and the tools needed to support teachers and students in 
using those materials. We must realign the considerable resources spent on PD with the demands 
teachers will face in a NGSS classroom, and we cannot afford such broad experimentation without 


funding the research required to learn from it. 


Harness new technologies and social media to make high-quality science PD available to all 
teachers. Online PD has the potential for providing “just-in-time assistance,” and it is potentially 
more scalable than PD that relies on limited local resources. To date, there exists little research to 
help us understand the affordances and limits of these venues. 
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to help us understand the affordances and limits 
of these venues. 

In sum, rigorous research on effective PD for 
science teachers is gradually accumulating, but 
we need a stronger theoretical base that reflects 
the complex ecology in which teachers work and 
learn. We also need better measures and interven- 
tions that are more highly specified. Though some 
might hope for a silver bullet, education reform that 
leads to fundamental change, such as that envisioned 
in the NGSS, requires time [it takes several years 
for teachers to change their practice (6, 27, 28)]. 
Reform efforts also require investments in infra- 
structure (leadership, teacher networks, planning 
time), the organizational coherence that encourages 
teachers to take risks and learn new content, parents 
to support the new standards, and students to dem- 
onstrate the perseverance and curiosity needed to 
achieve scientific literacy. 
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A Business View on U.S. Education 


Rick Stephens* and Mike Richey 


Business leaders depend on an education system capable of providing a workforce able to compete 
in a global marketplace. As a partner in education reform, the business community advocates 
for an increased focus on helping schools connect students more effectively to the world of work 
through hands-on problem-solving activities and practical experiences. 


overnment leaders recognize that being 

poorly educated is tied to unemploy- 

ment, poverty, crime rates, and spiraling 
social services costs. Parents recognize that a 
quality education is key to their children’s fu- 
ture. Teachers and educators view their students’ 
success as key to their life’s work. Business 
leaders seek a workforce that can compete in a 
global marketplace at a time when many jobs 
cannot be filled for a lack of qualified workers 
(1). Thirty years ago, the U.S. National Com- 
mission on Excellence in Education stated that 
“Our society and its educational institutions seem 
to have lost sight of the basic purposes of school- 
ing and of the high expectations and disci- 
plined effort needed to attain them” (2). Although 
modest progress has been made since then, the 
world has been changing faster than its educa- 
tion systems. We believe business leaders would 
argue that many reform efforts have not yet 
focused on the right issues. 


Retired executive of The Boeing Company, 100 North River- 
side, Chicago, IL 60606-1596, USA. 
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In the past 2 years, the Boeing Company has 
hired 33,000 new employees, and we observe two 
important phenomena. First, these new employees, 
from those lacking a high school diploma to those 
with a college degree, are generally quite good at 
using digital tools. Second, many seem to have 
rarely been put in situations where they have had to 
use their knowledge and skills to create a product of 
value. Those we hire have lots of ideas and can be 
savvy about many aspects of information technol- 
ogy. But those who haven’t had to relate to a real- 
world experience of building something, or worked 
in a situation where failure is a real possibility, will 
generally need to spend considerable time on re- 
medial training activities. For example, Boeing 
must now spend 13 weeks training employees for 
the same manufacturing jobs that used to require 
half the time; but even then, the employee often 
remains weak in the skills needed to manipulate 
materials effectively. 

We believe the above observation is common 
among business leaders, spanning many business 
sectors. Although more is required from an edu- 
cation than preparing students for the world of 
work, such findings have important implications 
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for education reform. Today, when students are 
not in the classroom, they may spend up to 12 or 
more hours per day using some form of electronic 
media, whether sending text messages by cell phone, 
watching TV, or engrossed in using a computer, 
with yet unclear impacts on learning and problem 
solving (3). While greater use of technology in and 
out of the classroom holds promise and should be 
explored, we consider it unlikely that computers 
and simulations will fully substitute for real expe- 
riences in which students manipulate materials and 
engage in problem-solving in groups. 

The classroom therefore needs to be a place 
where students spend a substantial amount of 
time applying what they learn to solving rele- 
vant problems that are appropriate to their age. 
As stated by the Ministry of Education of Singa- 
pore, teaching should “encourage a spirit of in- 
novation and enterprise in students, and nurture 
intellectual curiosity, passion, and courage to try 
new and untested routes (4).” 

We suggest that businesses focus on helping 
schools connect students more effectively to the 
world of work. In the United States, new syner- 
gies with industry arise from the recently adopted 
Common Core standards in English Language 
Arts and Mathematics, plus the forthcoming Next 
Generation Science Standards (NGSS), which 
stress in-class discourse, explanation, argumenta- 
tion, reading and writing informational text, and 
active problem-solving (5, 6) [see page 276 in (7)]. 

The NGSS aim to incorporate real experi- 
ences into the classroom. But, as highlighted 
elsewhere in this issue [see page 320 in (8)], if we 
end up using inexpensive standardized assess- 
ments that mainly test for factual recall, the stan- 
dards movement will simply prolong our failure. 
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The Education Task Force of the Illinois Busi- 
ness Roundtable has concluded that “the busi- 
ness community, in partnership with political 
and education leaders, must play a significant 
leadership role in education reform (9).” Recog- 
nizing that “education improvement is a mara- 
thon and not a hundred-yard dash” and that 
“education reform needs to be a collaborative, 
not adversarial, effort,” we have helped to create 
the Career Pathways Program, where businesses 
are working with the Illinois State Board of Edu- 
cation to bring practical, experience-based cur- 
ricula into the classroom that can help ensure 
that students are either job ready or college ready 
when they graduate from high school (/0). 

Nationally, academic and business leaders have 
come together in efforts to create effective leaming 
environments outside of the classroom experience. 
For example, FIRST robotics competitions were 
founded on the premise that students can succeed 


when they compete, not just in a simulated game 
environment, but in the real world where there are 
winners and losers (//). These types of activities 
need to become part of formal schooling, not 
merely optional add-ons. 

In summary, what can business do? First, be a 
strong advocate for exposing students to more 
hands-on problem-solving activities in the class- 
room. Second, help to provide scarce resources by 
increasing sponsorship of programs that engage 
students in such activities. Third, create more in- 
temship opportunities that allow students to be 
exposed to real-world work environments and di- 
rectly leam what jobs are about. Fourth, support 
initiatives to question, and limit, the television, 
computers, and electronic games that can divert 
students’ time and attention away from other world 
experiences needed for future success. We be- 
lieve that professional success today and in the 
future is more likely for those who have practical 


experience, work well with others, build strong 
relationships, and are able to think and do, not 
just look up things on the Internet. 
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Outside the Pipeline: Reimagining 
Science Education for Nonscientists 


Noah Weeth Feinstein,** Sue Allen,” Edgar Jenkins? 


Educational policy increasingly emphasizes knowledge and skills for the preprofessional “science 
pipeline” rather than helping students use science in daily life. We synthesize research on public 
engagement with science to develop a research-based plan for cultivating competent outsiders: 
nonscientists who can access and make sense of science relevant to their lives. Schools should 
help students access and interpret the science they need in response to specific practical problems, 
judge the credibility of scientific claims based on both evidence and institutional cues, and 


cultivate deep amateur involvement in science. 


countries have asked their education systems 
to teach science to all students, including 
those who will not go on to scientific careers (/). 
Under slogans such as “science literacy’’ and “‘sci- 
ence for all,” schools have attempted to prepare all 
students to make sense of science in daily life. 
With the exception of modest and isolated gains in 
conceptual knowledge (2), it is not clear that these 
campaigns have enhanced people’s ability to func- 
tion in a world where conflicting health advice 
clutters the Internet, research is filtered through 
political screens, and the media strips context from 
scientific claims. 
These results should provoke renewed inter- 
est in the relationship between science educa- 


F= half a century, the world’s wealthiest 


Departments of Curriculum & Instruction and Community & 
Environmental Sociology, University of Wisconsin—Madison, 
225 North Mills Street, Madison, WI 53706, USA. Allen and 
Associates, Newcastle, ME 04553, USA. Centre for Studies in 
Science and Mathematics Education, University of Leeds, Leeds 
LS2 9JT, UK. 


*Corresponding author. E-mail: nfeinstein@wisc.edu 


tion and public engagement with science and 
the pursuit of more fruitful forms of science lit- 
eracy. Instead, many scientists and policy-makers 
are turning their attention away from the role of 
science in daily life and advocating a greater 
focus on the so-called “pipeline”: preprofessional 
education that delivers science-ready students 
to colleges and universities (3). Even crusaders 
for science literacy take for granted that scien- 
tific training—of the same sort that prepares 
students for scientific practice—will help non- 
scientists navigate fields as diverse as personal 
health, politics, the economy, leisure, and em- 
ployment (/, 4, 5). There is little empirical evi- 
dence to support this assumption. On the other 
hand, a growing number of studies show un- 
trained citizens engaging with science in adaptive 
ways (6). These citizens, whom Feinstein refers 
to as “competent outsiders” (7), identify relevant 
pieces of science and understand their local or 
personal implications without relying on school- 
based knowledge of particular scientific meth- 
ods or concepts (6, 8). 


How can education help more people act like 
competent outsiders? We synthesize evidence to 
develop a research-based plan for cultivating com- 
petent outsiders: nonscientists who can access and 
interpret the science most relevant to their lives. 
We reconsider established goals of science edu- 
cation in light of three central findings about 
public engagement with science and discuss im- 
plications for research and practice. 


How People Interact with Science 

Research shows that different groups interpret sci- 
ence differently (6, 9-2). An Alzheimer’s advo- 
cacy group, biotech investment firm, and religious 
coalition may all be interested in stem cell research, 
but different motivations underlie their interest 
and shape their engagement. Social, cultural, and 
demographic differences influence how people 
engage with science, both in school (/3) and out 
(6, //). For example, communications researchers 
have identified six demographically distinct groups 
of Americans who respond to news about climate 
change in predictable, group-specific ways (//). 
Local knowledge and experience, such as the 
history of tension between rural residents and a 
nuclear power plant (/4), can play an important 
role. There are many different “‘publics” for science, 
each with different concerns and resources for 
making sense of the world. 

To complicate matters, science is not a sin- 
gle, uniform thing. Science education places par- 
ticular value on experimentation, but some fields 
rely on observational data or simulations, where- 
as others are devoted to theoretical inquiry. Even 
closely related fields can diverge on important 
matters, such as the validity of research methods 
or the nature of acceptable evidence (/5). Non- 
scientists typically interact with specific manifes- 
tations of science rather than “‘science” as a whole 
(6, 12, 16). Although scientists may agree on ab- 
stract principles (such as hypothesis-testing) and 
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methodological heuristics (such as model-building), 
the science of climate modeling is very different 
from the science of clinical trials, and understand- 
ing the family resemblance between them may 
not help a layperson make sense of evidence. 
This leads to perhaps the most important find- 
ing: Although some people are interested in sci- 
ence for its own sake, many engage with science in 
response to situation-specific needs and tend to be 
interested in science only insofar as it helps them 
solve their problems (6—/0, /2). Thus, a mother 
seeking therapies for her autistic son may explore 
research literature, but she is not attempting to under- 
stand that literature from a scientist’s perspective. 
Instead, she labors to integrate what she leams with 
her knowledge of local services and her first-hand 
understanding of her child (76). Context shapes the 
process of engagement, and scientific principles 
take on different significance in different contexts, 
where they are laden with social and ethical impli- 
cations (8, /0, 12). The challenges of daily life are 
what cognitive scientists call ill-structured problems, 
defined in personal and practical terms. Scientific 
understanding may contribute to the solution, but 
will rarely be the entire solution. It is important to 
be realistic about the sort of understanding people 
seek—and need—to make decisions (/7). 


Reconsidering the Goals of Science Education 
These findings about public engagement with sci- 
ence strain the credibility of established approaches 
to science education. Scientists, educators, and 
policy-makers claim that science education is useful 
(/-3, 5), but what use is it to know a canonical 
collection of facts or an allegedly generic scientific 
method if people engage with specific pieces of 
science in highly contextualized ways? Can educa- 
tion prepare students for the deep idiosyncrasy of 
daily life? Evidence on public engagement indicates 
that students should still know science, think scien- 
tifically, and appreciate science—but it may be nec- 
essary to reconsider the established interpretation of 
these goals and the strategies used to achieve them. 


Knowing Science: From Knowing the Textbook 
to Accessing the Science You Need 


No set of scientific concepts and principles, no 
matter how carefully chosen, will be sufficient prep- 
aration for future engagement with science. This 
is a consequence of the unpredictable path of sci- 
entific progress, shifting social and political demands 
on scientific knowledge, and the variety of con- 
texts and motives that drive public engagement. 
Even if it were possible to predict the future of 
science, one could never anticipate how science will 
ripple through the diverse future lives of students 
(4, 9, 12). Yet prior knowledge is only one piece 
of the sense-making apparatus that people use in 
their encounters with science. When reading a sci- 
entific article, a person draws on prior knowledge to 
interpret the text, but she does not stop when she is 
unfamiliar with a concept or uncertain of impli- 
cations; she looks up the concept online, cross- 
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references a second article, discusses the matter with 
friends, and seeks out complementary expertise 
(6, 16, 18). People employ social and material 
resources to solve problems and answer ques- 
tions, and encounters with science are an impetus 
for new learning as well as tests of prior knowledge. 

Resources alone do not guarantee fruitful en- 
gagement with science: The same literature that 
reveals impressive sense-making ability among 
laypeople also reveals failures, frustrations, and 
uneven competence (6, /2, 16). Science education 
should prepare more students to access and inter- 
pret scientific knowledge at the time and in the 
context of need. Public engagement with science 
is not simply the application of scientific knowl- 
edge; it requires translating a daily problem into 
scientific terms and reconstructing the scientific 
answer amid the constraints of daily life (6, 12, 16). 
A tural resident worried about pesticide contami- 
nation must learn to express his concerns in ques- 
tions that science can answer: What pesticides, at 
what doses, are most harmful? Are there reliable 
tests for pesticides in my children’s air or water? 
These questions lead to answers that must then be 
translated back into local reality: Who will help me 
test my water? What can I do to mitigate the risks? 
The decision-making process incorporates both 
scientific and nonscientific information. 

One promising approach for preparing students 
to succeed in such circumstances is Problem-Based 
Learning (PBL), which confronts students with ill- 
structured challenges, asking them to extend their 
existing knowledge and develop concrete solutions 
(79). PBL can produce durable knowledge gains 
and foster metacognitive skills that underlie self 
directed learning, although researchers have yet to 
identify which features of PBL contribute most to 
leaming (/9, 20). Developed in medical schools, PBL 
needs further validation in kindergarten through 
grade 12 (K-12) settings, but it shares features with 
other promising pedagogies specific to K-12, such 
as Science-Technology-Society (STS) and Place- 
Based Education (2/7, 22). All of these mimic pub- 
lic engagement with science by making the problem 
a focus for learning, allowing students to develop 
complex questions and test the adequacy of their 
answers, and, in many cases, using authentic social 
and practical problems that cannot be defined in 
purely scientific terms. 

Fundamental problems of research and practice 
must be addressed before these pedagogies can be 
used to greatest effect. Little is known about using 
them together, or over time, to help students rec- 
ognize when and how science is relevant. Students 
frequently struggle to apply what they have learned 
in one specific context to another; on the other 
hand, teaching generic problem-solving skills ap- 
pears to have limited value (23, 24). Finding the 
right level of specificity, and honing strategies to 
connect multiple learning episodes, are problems 
of longstanding interest to researchers and educa- 
tors (23, 25), Educators and researchers should work 
together to adapt problem-focused pedagogies for a 
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broad range of audiences, develop appropriate as- 
sessments, and—critically—find the most productive 
balance between these strategies and other means 
of presenting disciplinary science content. 


Thinking Scientifically: From Practicing 
Science to Judging Scientific Claims 
“Thinking scientifically” has been interpreted in 
many ways, from the trial-and-error experimental- 
ism of early progressives to the scientific method 
dogma of the post-war era and the more flexible 
(if also more vague) idealism of scientific inquiry 
(/, 5). In the United States, the forthcoming Next 
Generation Science Standards decompose scientific 
inquiry into distinct but interconnected “scientific 
practices” such as modeling, argumentation from 
evidence, and communication of results. This is an 
important step forward. It rejects the empirically 
dubious notion of a single scientific method, offers 
greater specificity than most inquiry frameworks, 
and better represents the collaborative and iterative 
aspects of scientific work (5). 

Yet the scientific practices approach still em- 
phasizes the scientist’s “insider” perspective, neglect- 
ing cues that help outsiders make informed judgments. 
Nonscientists rarely need to replicate the iterative 
processes of systematic research, and literature sug- 
gests that it is difficult to transfer principles of re- 
search design, leamed in disciplinary contexts, to the 
highly variable circumstances of daily life (23, 24). 
On the other hand, nonscientists do need to judge 
the trustworthiness and local validity of putatively 
scientific claims. Studies show that competent out- 
siders make sophisticated judgments about the 
credibility of scientific claims based on cues like 
professional reputation, publication venue, institu- 
tional affiliation, and potential conflicts of interest, 
even when they do not understand technical nu- 
ances of experimental design or laboratory tech- 
nique (6, 8, 70). In one classic sociological study, 
local knowledge and historical context, combined 
with direct observation of scientists in the field, 
helped farmers make sophisticated counterarguments 
to government-sponsored studies when their grazing 
lands were contaminated by radioactive fallout 
(/4). Studies have emphasized the importance of 
trust, reputational networks, and heuristic reason- 
ing in judgment and decision-making (/0, 26). 

Science education could do far more to help 
people judge scientific claims based on the infor- 
mation available to them. This is important given 
the decline in dedicated science journalism at for- 
profit news organizations; increasingly, citizens are 
turning to the Internet, with its variable quality and 
political motivations, for science news (/0). Lessons 
that focus on scientific argumentation and commu- 
nication are part of the solution because they help 
students understand how scientists evaluate evidence 
and how research is packaged for presentation to 
various audiences (5, 27). Yet even this shortchanges 
the histories, institutions, and norms that contribute 
to the reliability of scientific knowledge. Compe- 
tent outsiders appreciate the socio-political nuances 
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of “how science really works,” including scientific 
credentials, the role of peer review in research fund- 
ing and publication, and the differing perspectives of 
the many types of research organizations (8, /0). 
They can navigate the changing world of popular 
science media, recognizing signs of source bias and 
understanding the difference between journalistic 
and scientific accounts of research (/0). 

This material can be dry and inaccessible when 
presented out of context, but promising pedagogies 
offer platforms for examining scientific credibility in 
realistic contexts. In Socio-Scientific Issue Discus- 
sions (SSID), students engage in structured con- 
versation about a science-inflected social problem, 
with the goal of uncovering epistemic and ethical 
nuances at the interface of science and daily life 
(28). Other strategies focus on the creation and in- 
terpretation of science texts, ranging from research 
articles to popular science journalism (29, 30). These 
pedagogies must be refined to reveal the social and 
institutional structures of science. Although both 
address the credibility and usefulness of different 
sources, and both provide apt venues for exploring 
issues of institutional trust, work is needed to de- 
velop a systematic and developmentally appropri- 
ate set of scaffolds for learning about topics such as 
peer review and conflicts of interest. 


Appreciating Science: From Positive Feelings 
to Deep and Durable Involvement 


Most adults in high-income countries express mild 
but consistent interest in scientific topics (3/), but 
formal education may have little to do with this: A 
substantial fraction of students in those same coun- 
tries lose interest in science as they progress through 
school (32). Schools may lag behind informal 
learning environments in their ability to inspire and 
develop students’ interest in science (33). Older, 
top-down mechanisms for public engagement are 
being joined by science cafes, participatory science 
games, and maker spaces (community-oriented 
places that foster collaboration and resource-sharing 
in small-scale design and fabrication projects). 
Children and adults may connect with science through 
“citizen science” and “‘professional-amateur” com- 
munities dedicated to phenology, astronomy, and 
even molecular biology (/8). People who interact 
with science through these platforms do so for widely 
varying reasons connected to personal interest and 
social identity (78, 33). In this rich and dynamic 
context, how and why should schools continue to 
foster appreciation of science? 

Research suggests that deep, personal interest 
in some field of science provides motivation for 
future interactions, even with science in unrelated 
fields. Students who pursue their own science- 
related interests have a stronger sense of their ability 
to learn science in the future (33) and are less likely 
to lose interest over time (34). Their involvement in 
personally or socially meaningful science-related ac- 
tivities can lead to learning experiences that resem- 
ble project-based learning and socio-scientific issue 
discussions (35). When students find a particular 
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scientific topic compelling, they seek experiences 
that prepare them for future encounters with sci- 
ence. Knowledgeable amateurs can become power- 
ful resources for their communities (9, 18, 33). 

Schools wishing to develop deep and durable 
involvement in science should embrace the diversity 
of student interests—a challenge for educational 
systems accustomed to pushing everyone toward 
the same goal. Three pathways hold promise. First, 
educators can use the flexibility provided by project- 
and place-based pedagogies to help students iden- 
tify and develop individual interests and expertise. 
Second, schools can pursue partnerships with mu- 
seums, which excel at sparking curiosity, and with 
afterschool clubs and community organizations, 
which provide flexible spaces for ongoing explora- 
tion (33). Third, educators can integrate science- 
based games and citizen science engines like Foldlt 
and GalaxyZoo into their curricula. Researchers 
should develop efficient ways to track the devel- 
opment of lasting student interests and identify 
productive ways to integrate informal experiences 
and game-based technologies into schools and 
classrooms (33). 


Implications 


On the way to becoming competent outsiders, 
students should learn to (i) access and interpret 
science in the context of complex, real-world prob- 
lems; (ii) judge the credibility of scientific claims 
based on both social and epistemic cues; and (iii) 
cultivate deep and durable involvement in science, 
even when it takes them away from the formal cur- 
riculum. In practice, this means moving strategies 
such as PBL, SSID, and interest-driven student ex- 
ploration from the pedagogical margins to the 
center. Allotting more time and resources to these 
strategies will result in a better balance between pre- 
professional science education and science educa- 
tion for nonscientists; given that PBL is used in a 
range of academically rigorous contexts, it may pay 
dividends for future scientists as well. 

These strategies are works in progress. Too few 
studies investigate the challenges of moving from 
practical problems to scientific questions and inte- 
grating science back into practical solutions. Too 
few studies identify skills needed to reverse-engineer 
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a robust and coherent knowledge structure using 
real-world resources. Educational research on sci- 
entific epistemology neglects the diverse circum- 
stances in which people encounter scientific claims, 
as well as the social and institutional knowledge 
that contributes to evaluating those claims. Re- 
search on deep and durable involvement in sci- 
ence is in its infancy; although there are portraits 
of success in games-based learning and informal 
science education, practice outstrips research. There 
is an urgent need to understand how and why these 
settings succeed (and fail) to transform attitudes, 
motivation, and identities. 

Educators should not wait for these ques- 
tions to be answered. Useful research requires 
real-world cases to study, and it is educators who 
will do much of the work of adapting project- 
based learning and other strategies to diverse 
K-12 settings. Predictable challenges loom: School 
schedules, parent expectations, and high-stakes 
testing militate against pedagogies that sacrifice 
short-term knowledge gains for complex skills, 
increased motivation, and a narrower but longer- 
lasting body of knowledge. Teachers and admin- 
istrators should work together to clear space 
for pilot programs that test and demonstrate the 
value of these approaches. It may be most effec- 
tive to deploy them as solutions to other widely 
acknowledged problems. For example, STS edu- 
cation produces motivational gains among students 
who are less likely to enroll in science courses (2/), 
whereas PBL has found early champions in gifted 
education, with students who may have exhausted 
their local course offerings (79). Pilot programs 
conducted in these contexts can serve as beach- 
heads for broader adoption. 

Scientists may be allies or adversaries in re- 
form. Some have played a decisive role in ped- 
agogical and curricular progress, whereas others 
have defended the battlements for the estab- 
lished facts-and-principles approach (/). The sci- 
entific pipeline dominates educational discourse 
today, but it is those outside the pipeline who 
would benefit most from reform. Serving their 
needs requires a different sort of activism, and 
new attention to evidence about how, when, and 
why people interact with science. 


Help students explore the personal relevance of science and integrate scientific knowledge 
into complex practical solutions. Teaching science in this way requires a focus on authentic 
problems that often cannot be defined in purely scientific terms. 


Develop students’ understanding of the social and institutional basis of scientific credibility. 
Science education should empower students to make reasonable judgments about the trust- 
worthiness and local validity of scientific claims, even when they don’t have deep background 


knowledge or access to expertise. 


Enable students to build on their own enduring, science-related interests. Schooling that 
fosters the development of idiosyncratic interests, habitual curiosity, and lifelong science-related 
hobbies will strengthen students’ motivation and confidence in future learning experiences. 
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REVIEW 


Generating Improvement Through 
Research and Development 
in Education Systems 


M. Suzanne Donovan 


To effectively address problems in education, research must be shaped around a problem of 
practice. Reorienting research and development in this way must overcome three obstacles. First, 
the incentive system for university researchers must be changed to reward research on problems of 
practice. Second, the contexts must be created that will allow the complexity of problems of practice to 
be understood and addressed by interdisciplinary teams of researchers, practitioners, and education 
designers. And third, meaningful experimentation must become acceptable in school systems in order 
to develop a better understanding of how to effectively stimulate and support the desired changes. 


he connection between research and prac- 

| tice in the field of education has been weak 
(/). The “knowing-doing gap” is lamented 

in other fields as well, including business man- 
agement (2) and medicine (3). But it is difficult 
to find a parallel in education to the design of 
digital devices by technology companies that 
have fundamentally changed how we go about 
our daily lives, or the application of biomedical 
research to save lives in extreme circumstances. 
How might we make use of research knowl- 
edge to pursue new possibilities and design new 
tools and processes to improve education? The 
fact that other sectors have made major strides 
in some regards, yet struggle to reliably incorpo- 
rate verified improvements into practice, high- 
lights two distinct challenges. One is a design 
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challenge: When research informs designs that 
solve a problem from the point of view of the 
users, barriers to change disintegrate (4). Doctors, 
for example, use magnetic resonance imaging 
because it allows them to see what they other- 
wise cannot without risky or invasive procedures. 
And people have changed routine behavior en- 
thusiastically when given access to technological 
innovations such as smartphones and Internet 
search engines. But when an innovation requires 
that people change their behavior to achieve goals 
others have set—to get hospital physicians to 
wash their hands or to use checklists that re- 
duce errors (5), or to motivate teachers to en- 
gage students in classroom discourse rather than 
to teach through lectures (6)—it is an implemen- 
tation challenge (7). The challenges are inter- 
related: Greater success at designing for the user 
implies fewer implementation barriers. If it is 
made easier for doctors to disinfect their hands, 
they are more likely to do so. But school sys- 


tems and hospitals are intended to serve the 
goals of others, making improvements in prac- 
tice desirable whether or not the user embraces 
the change. Research and development (R&D) 
will therefore need to address both design and 
implementation challenges. 

While the task is far from simple, its compo- 
nents can be described in the most basic terms. 
They are (i) identifying the right problem, (ii) 
developing effective solutions, and (iii) getting 
effective solutions to spread. 


Identifying the Right Problem 


Scientific research can be driven either by theory 
or by problems of practice. Research that con- 
tributes to both falls into “Pasteur’s quadrant” 
(8). The National Institutes of Health and the 
National Science Foundation support programs 
of “translational research” intended to make ad- 
vances in research knowledge usable for practice 
(9, 10). The term “translational” suggests that the 
required knowledge is in hand. It needs only to 
be put into the language of practice. 

Rarely do problems of education practitioners 
map neatly onto areas of scientific research, how- 
ever. Even in the case of pasteurization, transla- 
tion would be a mischaracterization. Pasteur’s 
scientific breakthrough came with a commission 
to work on a practical problem: the spoiling of 
wine (//). The problem-solving research did 
not end with the realization that bacteria cause 
the spoiling, nor with the evidence that heat 
could be used to destroy bacteria. The heating 
process changes the end product—whether wine 
or milk—affecting taste, appearance, and digest- 
ibility (12). It took decades of work on the time 
and temperature of heating and cooling to develop 
the process of pasteurization that revolutionized 
the delivery of milk (3). The translation meta- 
phor conceals the way in which research that 
solves problems of practice is shaped and 
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disciplined by the problem to produce usable 
and desirable solutions. 

A National Research Council Committee that 
explored the weak relationship between research 
and practice in education (/) concluded that, in 
contrast to medicine and agriculture, education 
researchers have few opportunities to identify the 
specific problems of practice that can serve as 
productive starting points for programs of research 
and development. For example, research illumi- 
nates the influence of social and emotional factors 
on learning (/4). If students think effort matters, 
they are more likely to persevere when school- 
work becomes difficult than if they believe in- 
telligence is fixed (15), and they will be exposed 
as having too little. And if a student believes 
he or she is expected to do poorly—a condi- 
tion that can be manipulated in experiments— 
performance declines (/6). The importance of 
these findings is clear, but how they might be 
effectively incorporated into practice is not. 

One opportunity for intervention in the class- 
room arises when students give incorrect answers 
(77). At that moment a teacher can further ex- 
plore the student’s thinking, signaling both the 
expectation that struggling will produce learning, 
and that the student is capable of thinking further 
about the problem. However, when teachers call on 
another student or provide the answer themselves, 
their responses are consistent with a belief that 
“some people have it and some people don’t.” 

Identification of opportunities like this will re- 
main infrequent unless researchers spend time in 
practice settings more routinely in order to observe 
and articulate problems of practice for which re- 
search knowledge can contribute potential solu- 
tions. A first grand challenge, then, is to shift the 
incentive structures in universities and funding 
agencies that privilege theoretical research and 
its translation over problem-solving research in 
practice settings. 


Finding Effective Solutions 

Will asking the right questions guarantee effec- 
tive solutions? If by “effective” we mean solu- 
tions that work in the real world, the answer is 
no. Efficacy trials attempt to control interactions 
with the system and those in it in order to create 
fidelity. But this is not a test of a system’s ability 
to achieve those outcomes under normal condi- 
tions (/8). The many ways in which a system 
acts to reject or undermine an intervention must 
itself be treated as a set of problems to be solved 
(79). The treatment of adolescents hospitalized 
for cystic fibrosis provides an example, and bears 
all the marks of an education problem, right down 
to the resistant adolescents (20). Cystic fibrosis 
inpatients require airway clearance therapy (ACT) 
four times per day, done in accordance with best 
practice. In a hospital in Cincinnati, best practice 
was used only 10% of the time, and at baseline 
the four sessions were done on only 41% of patient 
days in the hospital. Education and personal 
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coaching of respiratory therapists, as well as salary 
incentives to following best practice, failed. 

Identifying the obstacles to full implementa- 
tion resulted in a list of 30. Patient behaviors on 
the list, familiar to any educator, include defiance, 
lack of knowledge, immortality complex, inade- 
quate parental support, and absence of conse- 
quences. Other obstacles shared with education 
systems include lack of coordination among pro- 
fessionals, legitimate activities of lesser impor- 
tance, inadequate staffing, and supply shortages. 

A multidisciplinary team tackled high-leverage 
component problems. Psychologists used well- 
researched approaches for changing the behav- 
ior of adolescents, including the introduction of 
signed contracts, performance monitoring, and 
providing small rewards for follow-through. Sched- 
ules were made at intake with ACT sessions 
as the first priority. “Improvement research” pro- 
tocols (2/7) were used to test components of prac- 
tice. The incidence of best practice rose to 73%, 
and the number of patient days in which the 
recommended ACT number was achieved rose 
from 41% sustainably to 68% (20). 

The initial identification of “best practice” is 
only a starting point for improvement. Designing 
a sustainable solution required varied expertise 
and inputs from medical practitioners, psychol- 
ogists, administrators, and supply managers. And 
leadership was needed to galvanize the cross- 
functional teams toward a common purpose (2/). 
A second grand challenge thus emerges: Can we 
create the settings in education where multidis- 
ciplinary researchers, education designers, and 
education practitioners are led and supported 
to follow the contours of problems in order to 
identify systemically sustainable solutions? 


Getting Solutions to Spread 


If a solution is designed to work effectively in a 
complex system under normal circumstances, can 
we assume that it will spread to other systems (22) 
or even be maintained in the initial site (78, 23)? 
The answer is no. David Cutler poses the ques- 
tion provocatively: “Why do people and insti- 
tutions not do things that are so obviously in 
their self-interest, even when they want to do so?” 
(24). Where one begins to look for an answer will 
vary by disciplinary orientation. Economists look 
first at incentives. The incentives lens, when fo- 
cused on school systems, leads to policies that give 
or withhold monetary rewards for changes in system 
performance or practices. A focus on teachers leads 
to recommendations such as pay for performance 
or abolishing tenure. And some economists have 
proposed that students be paid to do well (25). 
Sociologists look for answers in the culture 
and social norms of organizations. People are 
more likely to do what others around them do, 
as evidenced in smoking, eating, and exercis- 
ing habits (26). In education settings, social 
norms that reject changes or prohibit question- 
ing of a professional’s practice are impediments 


to change (/9, 27). In medicine, checklists with 
demonstrated ability to reduce adverse incidents 
in surgery were used more effectively when so- 
cial norms were shifted so that nurses who rou- 
tinely defer to doctors were charged with calling 
out a checklist violation (5). 

Psychologists look for answers in the indi- 
vidual’s cognitive and emotional processes (28). 
External incentives and organizational norms are 
part of an individual’s calculus, but influences 
also include personal goals, orientations, knowl- 
edge, and resources (29), as well as expectations 
of outcomes based on beliefs about one’s ability 
to succeed and about reactions from others (30). 
Control over the conditions for behavior change 
(31), and the specificity of an individual’s plan- 
ning, also matter (32). 

In a comprehensive study of psychological 
theories of behavior change, researchers in the 
field of “implementation science” have attempted 
to understand which theoretical explanation for 
individual behavior has the greatest predictive 
value with regard to medical practitioners’ de- 
cisions (33). Several of the theories, as measured 
in the study, had no predictive value. Despite 
the breadth of the variables included, the best- 
performing theories explained between 25 and 
42.6% of the variance in intended behavior but 
only 2.4 to 6.3% of actual behavior (33). 

Confronted with so broad an array of po- 
tential contributors to behavior change, and such 
striking evidence of failure to scale improve- 
ments, what can be done? Invest further in the 
scholarly endeavor of understanding profession- 
al behavior, as implementation scientists are at- 
tempting? Deepen the knowledge base on how 
education organizations use research knowledge, 
and how they might do so more effectively? En- 
gage in problem-solving research and develop- 
ment, and learn about human and organizational 
behavior in the process of experimenting with 
changing it (24)? All would no doubt be val- 
uable. But if the ultimate goal is to improve 
practice, then problem-solving R&D has two 
features to recommend it. First, the lag time 
between the initial investment in research and 
change in practice will be shorter if the new 
knowledge is generated as a by-product of test- 
ing interventions in practice. This is particularly 
important if practitioners are to see value in re- 
search. Second, there is evidence that the con- 
tributors to behavior privileged by economists, 
sociologists, and psychologists are all important 
in some contexts. When either the importance 
of context or its variation is low, theoretical re- 
search may be an efficient route to generating 
knowledge that is relevant to practice. This would 
be the case if the goal were to understand how 
students grasp the concept of quantity, for exam- 
ple. But when both the importance and the variety 
of contexts are high, as with shifts in professional 
practice, generating knowledge by intervening 
and observing what happens is likely to be more 
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illuminating. If, for example, teachers shift more 
willingly to inquiry teaching when they have rou- 
tine opportunities to problem-solve with their 
colleagues, when the materials are replenished 
by a designated staff member, and when parents 
are given weekly updates about science activities, 
it is difficult to imagine that such contextual 
factors could be identified without experiment- 
ing in practice settings. Moving from practice to 
theory is likely to be more fruitful than the reverse. 
But it will require that meaningful experimenta- 
tion in education settings become acceptable. This 
is the third of the grand challenges. 


Supporting Experimentation in 

Education Settings 

The concept of experimentation does not sit 
well in systems that are highly accountable to 
the public. Parents would need to be persuaded 
that their children’s education was not being 
jeopardized. And school system administrators 
and teachers who have many constituencies, none 
of which clamor for experimentation, would need 
to have the time, resources, flexibility, and in- 
centives to engage in experimentation. 

While each of the grand challenges is daunt- 
ing on its own, they become oddly less so as a 
set. If, for example, there were practice sites 
where R&D collaborations were supported rou- 
tinely (challenge 2), then researchers may find 
time spent working in those settings to be more 
productive and more supportive of goals related 
to quality and number of publications (challenge 
1). And consistent financial support for such 
sites would provide an incentive to overcome 
an aversion among educators to experimenta- 
tion, allow for the development of a different 
culture that is consistent with the designation as 
an R&D site, and provide the potential for a 
shift in the perception of parents regarding ex- 
perimentation (challenge 3)—just as hospitals 
associated with experimental research and de- 
velopment are often sought out because they are 
on the leading edge. 


Grand Challenges 


There are signs of movement. Increasingly, 
researchers are partnering with school districts 
to tackle problems of practice (34), and funding 
agencies are beginning to award grants for re- 
search partnerships (35). Two efforts are under 
way to establish organizational structures to sup- 
port research in practice settings. The Strategic 
Education Research Partnership (SERP), incu- 
bated at the National Research Council, is creat- 
ing R&D “field sites” with school districts in 
which multidisciplinary teams of researchers 
and education designers are recruited to work 
on problems of practice identified by the districts 
(36). The Carnegie Foundation has created a 
model for “Networked Improvement Commun- 
ities (NICs)” involving an organizing “hub” and 
partner organization “spokes” (37). NICs ad- 
dress multiple drivers of change related to a core 
problem of practice. Both models show promise 
for addressing design and implementation chal- 
lenges. Federal funding agencies are creating new 
grant competitions that emphasize research- 
practice partnerships. But in relation to the size of 
the education sector, these efforts are miniscule. 

The rapid pace of technological change has 
created new possibilities for education, at a time 
of emerging consensus on the critical impor- 
tance of improving our education system. To seize 
the moment, we will need to think and work dif- 
ferently. There will be no “silver bullets” that will 
transform education systems from the outside— 
not in the form of new standards, assessments, 
programs, or technologies. While these changes 
are important, they will come up against inevi- 
table implementation barriers. But if we create 
the organizational capacity for researchers and 
design experts to work with practitioners inside 
the system, we could potentially change the out- 
come. It will be possible to identify opportunities 
to use technology to solve problems that students, 
teachers, and administrators are trying to solve 
and to follow the contours of the implementation 
problems that arise as new standards, practices, 
and assessments are introduced. New knowledge 


Shift incentives to encourage education research on the real problems of practice as they 
exist in school settings. The current incentive structures in universities and in agencies that fund 
education support theoretical research and its “translation” for practice. Those incentives must 
shift to encourage research on the problems of practice in practice settings. 


Create a set of school districts where long-standing, multidisciplinary teams work 
together to identify effective improvements. Because the problems of practice are multi- 
dimensional, addressing them effectively will require the creation of settings in which teams of 
researchers, practitioners, and education designers are supported to follow the contours of a 
problem in order to identify effective improvements. 


Create a culture within school systems that allows for meaningful experimentation. 
Because contextual factors are critical to the effective scaling of improvements, experimentation in 
real school contexts is critical. This will require a major shift from the belief that experimentation is 
inappropriate in schools systems to the belief that it provides new opportunities for the success of 
education professionals and the students they serve. 
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and new technologies will have their best chance 
at improving school systems if the nation invests 
in that capacity. 
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Proficiency in Science: Assessment 
Challenges and Opportunities 


James W. Pellegrino 


Proficiency in science is being defined through performance expectations that intertwine science 
practices, cross-cutting concepts, and core content knowledge. These descriptions of what it means to 
know and do science pose challenges for assessment design and use, whether at the classroom 
instructional level or the system level for monitoring the progress of science education. There are 
systematic ways to approach assessment development that can address design challenges, as well as 
examples of the application of such principles in science assessment. This Review considers challenges 
and opportunities that exist for design and use of assessments that can support science teaching and 
learning consistent with a contemporary view of what it means to be proficient in science. 


e face extraordinary promise for the fu- 

ture of science learning, juxtaposed with 

substantial challenges in achieving the 
vision of what it means to be proficient in science 
(/). Among those challenges are determining how 
the proficiency of our students will be assessed rel- 
ative to that vision and doing so in ways that sup- 
port, rather than inhibit, teaching and learning. 
Educational assessments ought to be statements 
about what scientists, educators, policy-makers, 
and parents want students to learn and become. 
It is well established that what we choose to assess 
will end up being the focus of instruction. So, it is 
critical that science assessments, both external and 
internal to the classroom, best represent the pro- 
ficiencies we desire. This Review argues that much 
of what is needed to effectively assess science 
learning, either at the classroom level or for pur- 
poses of system monitoring, has yet to be created 
and that design and implementation challenges 
are substantial. Even so, there are promising cases 
from which to learn and build (2). 


Shared Perspectives on Proficiency 


A disjuncture exists between students’ knowledge 
of science facts and procedures, as assessed by 
typical achievement tests, and their understanding 
of how that knowledge can be applied through the 
practices of scientific reasoning, argumentation, and 
inquiry (3, 4). This problem is recognized in reports 
spanning kindergarten (K) to grade 16+ (K-16+) 
that simultaneously present a consistent description 
of what proficiency in science should be (/, 5—//). 
Seldom has such a consistent message been sent as 
to the need for change in what we expect students 
to know and be able to do in science, how science 
should be taught, and how it should be assessed. 
The emergent definition of proficiency is perhaps 
most clearly expressed in three major elements of 
the U.S. National Research Council (NRC) Frame- 
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work for K-12 Science Education (/): (i) core or 
“big” ideas within disciplinary areas, (ii) practices 
of scientific and engineering reasoning, and (iii) 
cross-cutting concepts. Collectively they define what 
it means to know science, not as separate ele- 
ments but as intertwined aspects of knowledge and 
understanding [see also (/2)]. It is not just the de- 
scription of each and their intersection that matters 
but also that the meaning of proficiency is realized 
through performance expectations about what students 
at various levels of educational experience should 
know and be able to do. These statements move 
beyond vague terms such as “know” and “under- 
stand” to more specific statements like “analyze,” 
“compare,” “explain,” “argue,” “represent,” “predict,” 
“model,” etc. in which the practices of science are 
wrapped around and integrated with core content. 
Educators and researchers are also recognizing that 
proficiency develops over time and increases in 
sophistication and power as the product of coherent 
systems of curriculum, instruction, and assessment. 

The virtue of such a view is that science edu- 
cators are poised to better define the outcomes 
desired from their instructional efforts, which in 
turn guides the forms of assessment that can help 
them know whether their students are attaining the 
desired objectives, as well as how they might better 
assist them along the way. It is very important for 
the science education community, and policy-makers 
and the public more broadly, to develop a shared 
perspective on what constitutes high-quality and 
valid science assessments across K-16+ if assess- 
ments are to support teaching and leaming and at- 
tainment of the desired science education outcomes. 


Proficiency, Performance Expectations, and 
Assessment Design Challenges 

The NRC Framework uses the logic of progressions 
to describe students’ developing proficiency in three 
intertwined domains—practices, cross-cutting con- 
cepts, and core ideas—in a coherent way across 
grades K through 12. The framework builds in the 
idea of a progression of student understanding 
across the grades by specifying grade-band end- 


point targets at grades 2, 5, 8, and 12 for each 
component of each core idea. The framework also 
provides sketches of possible progressions for ac- 
quiring each practice or cross-cutting concept but 
does not indicate the expectations at any particular 
grade level. The Next Generation Science Stan- 
dards (NGSS) (7) build on these suggestions and 
include tables that define what each practice might 
encompass and the expected uses of each cross- 
cutting concept for students at each grade level. 
This integrated perspective of what it means to 
know science suggests that assessment should help 
determine where a student can be placed along a 
sequence of progressively more “scientific” under- 
standings of a given core idea that by definition 
includes successively more sophisticated applica- 
tions of practices and cross-cutting concepts. This 
is an unfamiliar idea in the realm of science assess- 
ments, which have more often been viewed as 
simply measuring whether students know particular 
grade-level content. It means that assessments must 
strive to be sensitive both to grade-level appropriate 
performances and to intermediate performances that 
may be appropriate at somewhat lower or higher 
grade levels. This is particularly important for the 
design of assessment materials and resources that 
can be used in classrooms to support instruction. 
The NRC Framework states that assessment 
tasks must be designed to gather evidence of stu- 
dents’ ability to apply the practices and their under- 
standing of the cross-cutting concepts in the contexts 
of problems that also require them to draw on their 
understanding of specific disciplinary ideas. It sug- 
gests using a model put forward in Science Standards 
for College Success (/3) by expressing standards in 
terms of performance expectations. The organization 
Achieve and its partners in NGSS development have 
elaborated these guidelines into standards that are 
clarified by descriptions of the ways in which stu- 
dents at each grade are expected to apply both the 
practices and the cross-cutting concepts and of the 
knowledge they are expected to have of the core 
ideas. The NGSS appear as sets of performance ex- 
pectations related to a particular aspect of a core 
disciplinary idea (see the draft example in Fig. 1). 
Each performance expectation asks students to use a 
specific practice in the context of a specific element 
of the disciplinary knowledge relevant to the par- 
ticular aspect of the core idea. Across the set of 
expectations at a given grade level, each practice and 
cross-cutting concept appears with multiple standards. 
Performance expectations also may include 
boundary statements that identify limits to the level 
of understanding or context appropriate for a grade 
level and clarification statements that offer additional 
detail and examples. But standards and performance 
expectations, even as explicated in the NGSS, lack 
sufficient detail to create an assessment. 


From NRC Frameworks, Standards, and 
Performance Expectations to Assessments 
The design of valid and reliable science assess- 
ments hinges on elements that include but are not 
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restricted to what is articulated in disciplinary 
frameworks and standards such as those illus- 
trated above (/4, 75). In the design of assessment 
items and tasks related to performance expecta- 
tions, one needs to also consider (i) the kinds of 
conceptual models and evidence in which we 
expect students to engage, (ii) grade-level ap- 
propriate contexts for assessing performance ex- 
pectations, (iii) options for task design features 
(e.g., computer-based simulations or animations, 
paper-pencil writing and drawing) and which of 
these are essential for eliciting students’ ideas 
about the performance expectation, and (iv) the 
types of evidence that will reveal levels of student 
understanding and skill. 

Assessment involves evidentiary reasoning (/4), 
so it has proven useful to be more systematic in 
framing assessment development as an evidence- 
centered design process (ECD) [e.g., (75, /6)]. The 
process starts by defining the claims that one wants 
to be able to make about student proficiency—the 


ways in which students are supposed to know and 
understand some particular aspect of a domain. 
Examples might include aspects of force and motion 
or heat and temperature. The most critical aspects of 
defining these are to be as precise as possible about 
what matters and to express this in the form of verbs 
such as “model,” “explain,” “predict,” etc. In essence, 
the performance expectations found in the NGSS 
are claims about student proficiency. 

Claims about the student must be linked to 
forms of evidence that would support those claims. 
Evidence statements capture features of work 
products or performances that would give sub- 
stance to the claims. This includes which features 
need to be present and how they are weighted— 
what matters most, least, or not at all. If evidence 
in support ofa claim about a student’s knowledge 
of the laws of motion is that the student can 
analyze a physical situation in terms of the 
forces acting on all the bodies, then the evidence 
might be drawing a free-body diagram with all 
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the forces labeled, including their magnitudes 
and directions. 

The precision that comes from elaborating the 
claims and evidence statements pays off when it 
is time to design tasks or situations to provide 
the requisite evidence. Tasks are not designed or 
selected until it is clear what forms of evidence 
are needed to support the range of claims ap- 
propriate to a given assessment situation. The tasks 
need to provide necessary evidence and should 
allow students to show what they know in ways 
that are as unambiguous as possible with respect 
to what the performance implies about student 
knowledge and skill (/7). 


Science Assessment Example Cases 


Given the relative newness of the NRC Frame- 
work, it is no surprise that comprehensive sets of 
assessment examples that align completely with 
the NGSS performance expectations do not exist. 
Many of the tasks that have been used for classroom 


4-LS1 From Molecules to Organisms: Structures and processes 


4-LS1 From Molecules to Organisms: Structures and processes 


Students who demonstrate understanding can: 


4-LS1-a. Use simple models to describe that plants and animals have major internal and external structures, including 
organs, that support survival, growth, behavior, and reproduction. [Clarification Statement: Examples of structures include thorns, stems, 
roots stamens, ovaries, heart, brain, skin, or bones.] [Assessment Boundary: Students are responsible for the overall functions of major structures, but the mechanisms 
of how they function within a system are not assessed. Students are not expected to memorize different types of structures but should be able to use information given.] 
Design, test, and compare solutions that replace or enhance the function of an external animal structure necessary 
for survival.* [Clarification Statement: Students might compare solutions for mobility based on the strength of different materials used.] 


Construct models to describe that animals’ senses receive different types of information from their environment, 

process the information in the brain, and respond to the information in different ways. [Clarification Statement: Examples of 

models could be diagrams or analogies.] [Assessment Boundary: Students are not expected to know the mechanisms by which the brain stores and recalls information, 
nor the mechanisms of how sensory receptors function.] 


The performance expectations above were developed using the following elements from the NRC document A Framework for K-12 Science Education: 


Science and Engineering Practices 


Developing and Using Models 

Modeling in 3-5 builds on K-2 models and progresses to building 
and revising simple models and using models to represent events 
and design solutions. 

+ Develop a model using an analogy, example, or abstract 
representation to describe a scientific principle or design 
solution. (4-LS1-c) 

+ Identify limitations of models. (4-LS1-c) 

+ Use a simple model to test cause and effect relationships 
concerning the functioning of a proposed object, tool or 
process. (4-LS1-a) 


Constructing Explanations and Designing Solutions 

Constructing explanations and designing solutions in 3-5 builds on 

prior experiences in K-2 and progresses to the use of evidence in 

constructing multiple explanations and designing multiple solutions. 

+ Use evidence (e.g., measurements, observations, patterns) to 
construct a scientific explanation or design a solution to a 
problem. (4-LS1-b) 

+ Apply scientific knowledge to solve design problems. (4-LS1-b) 


Obtaining, Evaluating, and Communicating Information 
Obtaining, evaluating, and communicating information in 3-5 builds 
on K-2 and progresses to evaluating the merit and accuracy of 
ideas and methods. 

+ Compare and/or combine across complex texts and/or other 
reliable media to acquire appropriate scientific and/or technical 
information. (4-LS1-a) 

+ Use multiple sources to generate and communicate scientific 
and/or technical information orally and/or in written formats, 
including various forms of media and may include tables, 
diagrams, and charts. (4-LS1-a) 


Disciplinary Core Ideas 


LSA.A: Structure and Function 
+ Plants and animals have both internal and external 
structures that serve various functions in growth, survival 
behavior, and reproduction. (4-LS1-a), (4-LS1-b) 
LS1.D: Information Processing 
+ Different sense receptors are specialized for particular 
kinds of information, which may be then processed and 
integrated by the animal's brain, with some information 
stored as memories. Animals are able to use their 
perceptions and memories to guide their actions. Some 
responses to information are instinctive—that is, animals’ 
brains are organized so that they do not have to think 
about how to respond to certain stimuli. (4-LS1-c) 
ETS1.C: Optimizing the Design Solution 
+ Different solutions need to be tested in order to determine 
which of them best solves the problem given the criteria 
and the constraints. (secondary to 4-LS1-b) 


Cross-cutting Concepts 


Structure and Function 
+ Substructures have shapes and parts that 
serve functions. (4-LS1-a), (4-LS1-b), (4- 


Influence of Engineering, Technology, 

and Science on Society and the Natural 

World 

+ Engineers improve existing technologies 
or develop new ones to increase their 
benefits, decrease known risks, and meet 
societal demands. (4-LS1-b) 


Fig. 1. Example of a set of possible grade 4 standards in life science from the January 2013 preliminary draft of the NGSS. 
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assessment, and those found in large-scale state, 
national, and international tests, focus pri- 
marily on science content or on aspects of sci- 
entific inquiry separate from content. With few 
exceptions, such assessments do not integrate 
core concepts and science practices in the ways 
intended by the NRC Framework or NGSS. 
Nevertheless, we can draw from example cases 
to illustrate what is needed, many of which have 
used an ECD approach to guide assessment de- 
sign and validation. The examples are diverse in 
several ways—including the science content and 
practices represented, age and grade level, in- 
tended use (at the classroom, state, national or 
international level; whether the consequences of 
student performance have low or high stakes), as 
well as the innovative use of technology. 


Classroom Instruction and Assessment 


Several projects have developed assessments for 
use in classroom instruction with a particular em- 
phasis on the integration of core science concepts 
with one or more science practices such as mod- 
eling; evidence-based explanation and argumen- 
tation; and/or the design of investigations to test 
hypotheses, analyze results, and construct explana- 
tions from data. Some of the clearest examples can 
be found in a volume edited by Alonzo and Gotwals 
(78) focused on learning progressions and in a 
special issue on assessment of the Journal of Re- 
search on Science Teaching (19). Additional exam- 
ples include the SimScientists (20, 2/), Science 
ASSISTments (22), and BioKids projects (23). 

Several of these projects illustrate the feasi- 
bility of designing tasks and situations, whether 
in paper-and-pencil format or mediated via simu- 
lations embedded in technology, that challenge 
students to reason with and about core science 
concepts in life and physical science. They dem- 
onstrate ways to obtain forms of evidence that can 
serve multiple purposes, such as measurement of 
student proficiency as well as diagnosis of stu- 
dent thinking for instructional improvement. The 
SimScientists project has shown how assessment 
situations and tasks involving dynamic simula- 
tions of science phenomena can be built from a 
principled design process that supports classroom 
formative assessment as well as summative assess- 
ment in large-scale state programs (2/). 


National and International 
Large-Scale Assessment 


Much of what students and teachers experience 
as science assessments is external to regular class- 
room instruction and comes in the form of large- 
scale state tests, for example, administered in 
response to the U.S. No Child Left Behind legis- 
lation. Although the quality of such state assess- 
ments varies, none approximates the performance 
expectations discussed in the NRC Framework 
and NGSS. In contrast, there are two large-scale 
assessment programs that more closely exemplify 
aspects of science proficiency that involve science 
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The role of tRNA in the process of translation was investigated by the 
addition of tRNA with attached radioactive leucine to an in vitro 
translation system that included mRNA and ribosomes. The results 


are shown by the graph. 


In a short paragraph, describe how the graph justifies the claim that 
the role of tRNA is to carry amino acids that are then transferred from 
the tRNA to growing polypeptide chains. 
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Fig. 2. A sample of a short constructed response item for the new AP biology exam. 


practices: the U.S. National Assessment of Edu- 
cational Progress (NAEP) and the Programme for 
International Student Assessment (PISA). 

The NAEP 2009 and 2011 assessments were 
constructed from a framework document that 
identified specific areas of content in the life, 
physical, and Earth and space sciences, as well as 
a set of science practices: (i) identifying science 
principles, (ii) using science principles, (iii) using 
scientific inquiry, and (iv) using technological 
design. Item types fell into two broad categories: 
selected-response items (such as multiple choice) 
and constructed-response items (such as short 
answer). To further probe students’ abilities to 
combine their understanding with the investiga- 
tive skills that reflect practices, a subset of the 
students completed hands-on performance or in- 
teractive computer tasks (3, 4, 24, 25). In contrast 
to NAEP, which is administered to 4th-, 8th-, and 
12th-grade students, the PISA assessment is ad- 
ministered only to 15-year-olds. The most recent 
PISA science assessment results are based on a 
framework that includes science proficiencies that 
overlap with the science practices of the NRC 
Framework and NGSS, as well as aspects of the 
NAEP framework (26, 27). 

What are especially important about both NAEP 
and PISA are the sets of simple and complex 
science assessment tasks that demand reasoning 
about science content as described in the NRC 
Framework and NGSS. Both assessment pro- 
grams are a source of examples of the types of 
performances that align with the descriptions of 
proficiency discussed earlier. Neither NAEP nor 
PISA represent static assessment programs. Both 
undergo major revisions to the framework used 
to guide assessment design and task develop- 
ment, and both are increasingly moving to incor- 


porate technology as a key aspect of task design 
and assessment of student performance. It is like- 
ly that the NAEP framework will be revised 
within the next decade, and work is already under 
way in revising the PISA science framework for 
2015. Changes in both will ostensibly move in 
directions that even more closely align with the 
NRC Framework. Thus, both might constitute 
reasonable ways to monitor overall progress of 
science teaching and learning in U.S. classrooms 
in ways consistent with implementation of the 
NRC Framework and NGSS. 


Advanced Placement (AP) Science 
A contemporary approach to rethinking science 
proficiency can be found in the redesign of the 
AP courses and assessments for biology, chem- 
istry, and physics (8, 9, 28, 29). The AP program 
offers college-level curricula to high school students. 
Starting in 2006, the College Board, which ad- 
ministers AP, with support from the U.S. National 
Science Foundation, initiated a process that started 
by redefining the focus, critical content, and science 
practices that should define proficiency at the end of 
each AP science course (30). This would then guide 
development of both a curriculum framework for 
each course as well as the high-stakes assessment 
often used by colleges for purposes of granting 
course credit and/or advanced course placement. 
Using the complementary processes of back- 
ward design (3/7) and ECD, a framework was 
developed for each science discipline that is or- 
ganized in terms of disciplinary big ideas, endur- 
ing understandings, and supporting knowledge 
as well as a set of seven science practices. This 
structure parallels that of the core ideas and sci- 
ence practices in the NRC Framework. Similar to 
what is advocated in the NRC Framework and 
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Grand Challenges 


Design valid and reliable assessments reflecting the integration of practices, cross-cutting 
concepts, and core ideas in science. The performance expectations of the Next Generation 
Science Standards (NGSS) pose significant challenges for assessment design. Considerable 
research and development will be needed to create and evaluate assessment tasks and situations 
that can provide adequate evidence of the proficiencies implied in the NGSS. This research must be 
carried out in instructional settings where students have had an adequate opportunity to construct 
the integrated knowledge envisioned by the National Research Council Framework and the NGSS. 


Use assessment results to establish an empirical evidence base regarding progressions in 
science proficiency across K-12. Much of what is assumed in the NGSS regarding learning 
progressions needs to be validated through empirical research. This validation requires assessment 
tasks and situations that can be used across multiple age and grade bands so that we can determine 
how proficiency changes over time with appropriate instruction. The empirical results can then be 
used to support the design of more effective curriculum materials and instructional practices. 


Build and test tools and information systems that help teachers effectively use as- 
sessments to promote learning in the classroom. For teachers to effectively implement 
assessment as part of their pedagogy, they need tools for presenting tasks and collecting and 
scoring student performance. They also need smart systems that provide actionable information 
about the meaning and implications of student performance relative to instruction and student 
learning. Such systems will need to be designed in collaboration with learning scientists and 
teachers to ensure their validity, usability, and utility. 


realized in the NGSS, performance expectations 
or learning objectives were defined within each 
discipline to reflect the blending of core ideas 
with science practices. Through application of 
ECD, sets of claim-evidence pairs were elabo- 
rated in each science discipline to focus and sup- 
port course instruction as well as development of 
assessment tasks for new AP exams. 

The first of those exams will be given in May 
2013 in biology, with chemistry to follow in 2014 
and physics in 2015. To help teachers and students 
orient to the new course and exam, a wealth of 
materials including sample assessments were 
provided (32). To reflect the shift in focus de- 
manded by integration of science practices with 
core content ideas, new item types were created, 
and a greater emphasis is being placed on con- 
structed response questions. Figure 2 provides an 
example of a short constructed response item that 
involves the integration of conceptual knowledge 
with aspects of the practices. 

AP science redesign is still a work in progress. 
Much remains to be determined about the quality 
and impact of the new exams on student learning 
and classroom instructional practice. But AP 
science instruction and assessment are chang- 
ing in ways closely aligned with the perspective 
on science proficiency described earlier. 


The Road Ahead 


Assessment is a key element in the process of edu- 
cational change and improvement. Done well, it 
can signify what we want students to know and be 
able to do and help educators create learning envi- 
ronments that support attainment of those objec- 
tives. Done poorly, it sends the wrong signals and 
skews teaching and learning. Our greatest danger 
may be a rush to turn the NGSS into sets of as- 
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sessment tasks for use on high-stakes state ac- 
countability tests before we have adequately engaged 
in research, development, and validation of the 
range of tasks and tools needed to get the job 
done properly. Most especially we must ensure 
that teachers are given the time, support, and as- 
sessment tools to create instructional environments 
where their students have adequate opportunities 
to learn what is now expected of them. 
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Pervasive Externalities at the 
Population, Consumption, and 


Environment Nexus 


Partha S. Dasgupta’’** and Paul R. Ehrlich?* 


Growing concerns that contemporary patterns of economic development are unsustainable have 
given rise to an extensive empirical literature on population growth, consumption increases, 

and our growing use of nature’s products and services. However, far less has been done to 

reach a theoretical understanding of the socio-ecological processes at work at the population- 
consumption-environment nexus. In this Research Article, we highlight the ubiquity of externalities 
(which are the unaccounted for consequences for others, including future people) of decisions 
made by each of us on reproduction, consumption, and the use of our natural environment. 
Externalities, of which the “tragedy of the commons” remains the most widely discussed 
illustration, are a cause of inefficiency in the allocation of resources across space, time, and 
contingencies; in many situations, externalities accentuate inequity as well. Here, we identify 
and classify externalities in consumption and reproductive decisions and use of the natural 
environment so as to construct a unified theoretical framework for the study of data drawn 

from the nexus. We show that externalities at the nexus are not self-correcting in the marketplace. 
We also show that fundamental nonlinearities, built into several categories of externalities, 
amplify the socio-ecological processes operating at the nexus. Eliminating the externalities 
would, therefore, require urgent collective action at both local and global levels. 


he presence of externalities in economic 
| activity is widely acknowledged today; yet, 
the focus has been on externalities asso- 
ciated with humanity’s use of the natural envi- 
ronment (/, 2). It is also widely appreciated that 
natural resources such as the global commons 
are underpriced, owing to those externalities. In 
contrast, consumption and reproductive exter- 
nalities have been studied far less. The few em- 
pirical studies on this topic have found that those 
externalities can also be quantitatively important 
(3-5). In this paper, we characterize and classify 
reproductive and consumption externalities, re- 
late them to environmental externalities, and show 
that they reinforce and are, in turn, reinforced by 
one another. For brevity we do not discuss pro- 
duction externalities, whose sources are, in any 
case, environment externalities. 


Reproductive Externalities 


Historical demographers have argued that the 
17th-to-18th-century fertility transition in North- 
west Europe is traceable to a then-growing prac- 
tice of establishing a new household upon 
marriage (6). By saving or transfer, couples had 
to have sufficient resources to establish and equip 
their new household. Those requirements led to 
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late marriages and meant that parents bore the 
cost of rearing their children. The total fertility 
rate (TFR) in England dropped to 4 in 1650 to 
1700, when modern family-planning techniques 
were unknown and women were mostly illiterate. 

In contrast, the TFR in sub-Saharan Africa 
remains over 5 today, and the region’s population 
is expected to double to over 2 billion by 2050 
(7). The average annual income in this region is 
currently 1200 international dollars (8). As sub- 
Saharan Africa has one of the highest TFRs in 
the world, yet is also one of the world’s poorest 
regions, we have chosen to focus on aspects of 
African life that encourage high fertility and brief- 
ly compare these aspects with the changing situa- 
tion elsewhere. 


Pronatalist Institutions 


Fosterage is commonplace in sub-Saharan Africa 
(9, 10). In parts of West Africa, up to half the 
children may be living with their nonparental kin 
at any given time (9). Fosterage is not adoption; it 
does not break ties between parents and children. 
The institution affords a form of mutual insur- 
ance protection in a region where formal in- 
surance markets are thin. But under fosterage, the 
private cost of rearing one’s own children is 
lower than the societal cost of child-rearing. An 
argument identical to the one establishing that 
unmanaged commons are overexploited can be 
used to show that the institution of fosterage 
encourages excessive fertility (//, 12). 
Communal land tenure of the lineage social 
structure creates another problem of unmanaged 
commons, providing further incentive for men to 


procreate. Moreover, because conjugal bonds are 
weak, fathers in sub-Saharan Africa bear even 
less of the costs of child-rearing than they do in 
regions where polygyny is not practiced. Fre- 
quently, there is no common budget for the man 
and woman. Descent in sub-Saharan Africa is, for 
the most part, patrilineal and residence is patrilocal 
(the Akan people of Ghana are an exception). Taken 
together, patrilineality, polygyny, communal land 
tenure, and the institution of fosterage give rise 
to a set of externalities that promote fertility (72). 
Those social practices may be weakening and 
would be expected to decline under urbanization, 
but, to date, they have persisted and carry with 
them a momentum from the past. 

A report by the United Nations Development 
Programme indicates that empowerment of 
women, a desirable end in itself, is associated 
with lower TFRs (/). Early marriage, particularly 
in the Sahel and North Africa, contributes to 
some of the highest TFRs in the world. Very few 
girls (only | in 100 in Niger, for example) com- 
plete secondary school. Family planning is not 
subject to the play of “free markets”; it is biased 
by restrictive laws, widespread misinformation, 
and rules not based on evidence (/3—/6). The 
unmet need for family planning is substantial. 
For example, the proportion of women in Malawi 
who either want to delay their next baby or stop 
having children altogether, but who are not using 
contraception, is ~25%. Women who have greater 
autonomy are better equipped to surmount the 
many barriers that often prevent easy access to 
family planning. When the barriers are few, as in 
Indonesia, the use of contraception and the TFRs 
among the highest- and lowest-income quintiles 
are similar (75). When the barriers are numerous, as 
in the Philippines, the poor both have more children 
and a greater unmet need for family planning. 

Access to family planning can be increased 
relatively quickly compared with other approaches 
to lowering TFRs, such as improving women’s 
education (although the alternatives may be syn- 
ergistic). Forty percent of the world’s population 
(including countries with TFRs as high as 6 as 
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Fig. 1. Mutual influences amplified by exter- 
nalities in the population-consumption- 
environment nexus. 
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recently as 50 years ago) now has TFRs that are 
at or below replacement level. The aggregate 
demand for environmental resources is, in part, a 
function of humanity’s population size. Whether 
world population reaches 8 billion or 10 billion in 
2050 and whether it reaches 15 billion or 17 bil- 
lion in 2100 will depend on small differences 
in average family size, which could be highly 
influenced by rebuilding the focus on family 
planning (/5, /6). 


Conformity 


In many spheres of life, traditional practices are 
perpetuated on account of a desire to conform 
(17-19). One’s peer group matters, because it 
gives rise to another category of externalities. 
Procreation is not only a private matter but also a 
social signal, influenced by both family experi- 
ences and the cultural milieu. Conformism means 
that every household’s desired family size is an 
increasing function of the average family size in 
the community. For instance, consider a society 
of N households. Let n, be household h’s desired 
family size and n* the average family size of the 
community to which the household belongs. If 
people were conformist, 7;, would be a piecewise 
increasing function of n*, to be written as n,(n*). 
In turn, as n,, affects n*, each household inflicts 
an externality on all other households. If N is 
large, each of the externalities is definitely small, 
but the sum over all households can be sub- 
stantial. In equilibrium, the average of all the 
households’ desired n,, values would equal n*; 
that is, ,, — 1» [m,(n*)\/N = n* (18, 20). 

To illustrate the structure of household pref- 
erences that display conformism, let C), denote 
the quantities of goods and services h consumes 
(bold indicates that C), is a vector of commodities), 
and let 7, be household size. We assume both are 
choice variables for household / (subject to bud- 
getary and physiological constraints, of course). 
If U,(Cp.mp) is a numerical representation of h’s 
preferences over consumption bundles and family 
size, a simple form of conformist preferences is 


UnCuyn) = Vian) — any — *), by > 0 (1) 


Here, V;, is an increasing function of C,, and, for 
small n;, of nj, as well; a, is a positive constant 
(21). 

Whatever the basis of conformism, reproduc- 
tive practices can persist even when their original 
purposes have disappeared, especially when mis- 
information about the safety of contraceptives is 
widely shared. So long as all others aim at large 
families (n* is large), few households on their 
own would wish to deviate from the established 
practice, even when large family sizes prove to be 
an impediment to economic betterment, as they 
do in fragile ecosystems. But ifa sufficiently large 
number of households were to restrict their fer- 
tility rates, others would do so as well (remember, 
n,, is an increasing function of n*), improving 
their own prospects and those of their children. 
Thus conformism can harbor multiple, locally 
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stable equilibria (/8). If we now embed the struc- 
ture of preferences in Eq. | in a dynamic model 
of consumption, saving, and reproduction, it can 
be shown that demographic history in the model 
economy is path-dependent. Fertility transitions 
can then be interpreted as disequilibrium phenomena, 
where societies move from high- to low-fertility 
equilibria. We consider one possible pathway for 
such transitions (22). 

People differ in the extent to which they con- 
form (i.e., o, values differ across households). 
Inevitably, there will be those who, for one rea- 
son or another, experiment, take risks, and refrain 
from joining the crowd. Educated women are 
among the first to make the move toward smaller 
families (23). These women are the tradition- 
breakers, and they would be the ones to trigger 
fertility transitions, as others follow in time. A 
rapid pathway is the influence that newspapers, 
radio, television, and now the Internet play in 
transmitting information about other lifestyles. 
The influence of cultural exchanges via the me- 
dia was pursued in a survey of fertility transitions 
in recent history (4). An analysis of a natural ex- 
periment in India has found that fertility rates 
declined in step after staggered introductions 
of cable television across the Indian states (5). 


Breakdown of the Commons and the Added 
Need for Labor 


The poorest countries are, in large part, biomass- 
based subsistence economies. Much labor is 
needed, even for simple tasks. Moreover, house- 
holds in these poor nations do not have access 
to the sources of domestic energy available to 
households in advanced industrial countries, 
nor do they have water on tap. In arid regions, 
water supply is often not close at hand, nor is 
wood fuel easily accessible when forests recede. 
The relative prices of alternative sources of en- 
ergy and water faced by rural households in poor 
countries differ from those faced by households 
elsewhere. In addition to cultivating crops, caring 
for livestock, cooking food, and producing sim- 
ple marketable products, household members have 
to spend as much as 5 hours per day fetching 
water and collecting fodder and wood (24). These 
are complementary activities and must be under- 
taken on a daily basis if the household is to 
survive. Labor productivity is low, not only be- 
cause manufactured capital and human capital 
are scarce, but also because natural resources are 
scarce. From the age of 6, children in rural house- 
holds in the poorest countries mind their siblings 
and domestic animals; fetch water; and collect 
wood, dung (in the Indian subcontinent), and fod- 
der. For the most part, these children do not attend 
school. The educational facilities in the typical 
school are woefully inadequate, and parents need. 
their children’s labor. In semi-arid regions of the 
Indian subcontinent and sub-Saharan A frica, chil- 
dren between 10 and 15 years old routinely work 
at least as many hours as adult males. 

The need for many hands can lead to a de- 
structive spiral. The tipping point can be one or 
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more of many small changes. For example, in 
recent years mores that once regulated the use of 
the local resource base have changed in many 
parts of Asia and Africa. In the past, rural assets 
such as village ponds and water holes, thresh- 
ing grounds, grazing fields, and woodlands were 
owned communally. Communities protected their 
local commons from overexploitation by relying 
on social norms, imposing fines for deviant 
behavior, and other means (24, 25). But the very 
process of modernization can erode traditional 
methods of control, increased urbanization and 
mobility being one pathway (24). Social norms 
are also endangered by civil strife and the 
usurpation of resources by landowners or the state 
(26). Also, rules practiced at the local level have 
not infrequently been overturned by central fiat. 
A number of states in the Sahel imposed rules 
that effectively destroyed communitarian man- 
agement practices in the forests. Villages ceased 
to have authority to enforce sanctions on those 
who violated locally instituted rules of use. State 
authority turned local common-property resources 
into open-access resources (27). Whatever the 
cause, as social norms degrade, parents pass some 
of the costs of children on to the community by 
overexploiting the commons. This is yet another 
instance of a demographic externality, but, in 
this case, its origins lie in deterioration in the 
management of local common-property resources 
(8, 28). 


Consumption Externalities 

Consumption, both in total and in its compo- 
sition, gives rise to externalities that have con- 
sequences for the present, as well as the future. 
Modern consumption practices that have dire en- 
vironmental consequences, such as global cli- 
mate disruption (externalities), have been much 
noted in the literature. Here, we focus on exter- 
nalities that are internal to the drive we have for 
consumption. The choice of goods whose con- 
sumption creates the externalities we detail below 
depends on such factors as whether people are 
rich or poor, whether the poor in question live in 
poor countries or rich countries, and so on. But 
the particular drive for consumption we study 
here is a common human trait (/7, 29). 

As social animals, we are competitive as well 
as conformists. We want to attain status in our 
community in certain ways, yet we simultaneously 
strive to be like others in different ways. 


Competitive Consumption 

In his classic work on the Gilded Age, Veblen 
(30) spoke of “conspicuous consumption” so as 
to draw attention to types of consumption that 
serve as status symbols. Veblen’s notion of status 
has been extended by social scientists to cover 
the tendency of people to try to outdo one an- 
other (37). Here, we call this drive “compet- 
itive consumption.” To formalize, let C,, as 
before, denote a bundle of consumption goods 
in an N-person society. We now introduce a further 
good, denoted by X: the average consumption 
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level of which, in the community, is X* (i.e., 
X* = ,0X;/N). If U;,(Cu.X7,,X*) is a numerical 
representation of h’s preferences, consider the 
functional form (32) 

Uj(Cn.X7-X*) = Vi CnX7/X*) (2) 
Here, V), is an increasing and concave function of 
each component of C), and X;,/X* (33). 

Equation 2 reflects competitive preferences 
over X, which give rise to “rat races.” In a free 
market, every household tries to beat all others in 
their consumption of X in a losing proposition, 
for no one is better off: In equilibrium everyone 
works harder so as to purchase and consume 
more X than they would if they all agreed to work 
less hard and consume less X (3, 32). If N is large, 
the effect of household h’s choice of X on X* (the 
externality) is no doubt small, but the sum of the 
externalities can be shown to be non-negligible. 
The process creates a problem of the commons, 
albeit in a different sphere from common-property 
resources—structurally, however, they are the same. 
They both reflect aspects of the well-known pris- 
oners’ dilemma in game theory. 

Competitive consumption (hosting expensive 
wedding ceremonies and birth celebrations) in 
subsistence economies may not have repercus- 
sions on the global environment, but it hinders 
the prospects the poor may have for escaping 
poverty (34). In rich societies, competitive con- 
sumption has further adverse consequences. 
For instance, automobiles make transportation 
simple and easy, but choices of the make and 
vehicle use are driven in many ways by the com- 
petitive urge (35). Moreover, car use is depen- 
dent on an underpriced resource: oil. If we add 
consumption habits into the equation and a 
growing complementary infrastructure (gas sta- 
tions, expanded network of highways), we have 
a spiraling exploitation of natural capital and the 
environmental externalities that come allied to 
it (/2, 15, 16). Environmental problems of this 
kind have certainly originated in today’s rich 
countries, but the consumption of conspicuous, 
resource-intensive goods and services is known 
to be increasing in developing countries also 
(2, 36). 


Conformism 


Because people try to find ways to relate to one 
another, they also adopt patterns of consump- 
tion that reflect a desire for conformity, not 
competition (/7, 29). Fads and fashions are 
brief occurrences, but conformist consump- 
tion can be persistent if it serves the need for 
social belonging—hence the term “relational 
goods” to characterize commodities that serve 
as an anchor for the desire and need to belong 
(37, 38). 

To illustrate the character of social consump- 
tion, let C,, as before, denote a bundle of con- 
sumption goods. We now introduce an additional 
commodity, labeled X, which serves as a rela- 
tional good. The average consumption level of X 


in the community is X*. If U;(Cy,X;,,X*) is a 
numerical representation of household h’s pref- 
erences, we return to the formulation of con- 
formism in reproductive decisions to construct 
U), as 


U(CnXnX*) = Vil CnXn) — On(X, —X*y, Op 
>0 (3) 


Here, V;, is an increasing function of each com- 
ponent of C), and X;, (33). 

Conformism leads to a different social dy- 
namic from competitive consumption. The social 
environment that characterizes it is not a prison- 
ers’ dilemma but a “coordination game” (39). In 
contrast to a prisoners’ dilemma, coordination 
games possess multiple equilibria, which can be 
ranked in terms of societal well-being. To con- 
firm this in a simple manner, consider an extreme 
version of Eq. 3 

O(CrXnX*) = Vi(Cy), subject toX;,=X* (4) 

The idea underlying Uj, in Eq. 4 is that some 
consumption choices (over XY in this instance) 
reflect preferences only for consuming as others 
do, and not for any particular preference for the 
personal consumption of the goods in question (40). 

Equation 4 makes clear that, as with con- 
formism in the sphere of reproduction, a com- 
munity may coordinate to settle on one of many 
alternative behavior patterns that are ranked iden- 
tically by all individuals. Presumably, there would 
be equilibria that are more intensive than others in 
their use of underpriced natural capital. Consump- 
tion choices in the former type of goods inflict 
adverse externalities on other communities. 

As the problem besetting the community is 
one of coordination, the collective assurance that 
people will choose a preferred level of X would 
suffice to improve consumption patterns. If each 
person can be persuaded to believe that others 
will reduce their consumption of X, every person 
will follow suit. One way of achieving that as- 
surance would be to nudge one another to opt for 
a targeted alternative. 


Environmental Externalities 


Environmental externalities have been much dis- 
cussed in the literature (2). Here, we focus on 
detrimental externalities. Two broad types may 
be contrasted: unidirectional and reciprocal. 
Under unidirectional externalities, one agent (or 
a set of agents) inflicts an externality on another (or 
others). Classic examples of unidirectional exter- 
nalities involve pollutants transported downstream 
by wind and water. As is well known, the discharge 
of pollutants is excessive in the presence of such 
externalities. 

Exports of primary products can come allied 
to domestic unidirectional externalities, a fact that 
has been rarely studied empirically. Logging in 
upstream watersheds gives rise to soil erosion 
and increased fluctuations in the supply of water 
downstream (the externalities). If compensation 


were not paid to downstream farmers and fisher- 
men for the loss of water and decimation of 
estuarine fish stocks, the export price of timber 
would be less than its social price (commonly 
known as “shadow price’). Therefore, the ex- 
port would contain a hidden subsidy, amount- 
ing to a transfer of wealth to the importing 
country from farmers and fishermen in the ex- 
porting country. 

Under reciprocal externalities, each party 
inflicts an externality on all others, as in the case 
of unmanaged common property resources. To 
manage the commons well means eliminating the 
externalities (25). Local communities have been 
known to manage spatially contained commons 
by the institution of norms of conduct and the 
imposition of fines and social sanctions (24, 25). 
Unfortunately, the same cannot be said in regard 
to the global commons. It is widely understood 
today that unmanaged commons are overex- 
ploited. Among these unmanaged commons, the 
atmosphere as a sink for carbon has been studied 
the most in recent years (/, 2), but the oceans 
consist of yet another class of global commons. 
Previously, we noted that local institutions have 
been known to degrade under pressure from 
markets and state intervention. Taking local and 
global commons together, nature’s hidden sub- 
sidies have likely risen in recent decades. 


Difficulties in Enacting Policies to 
Counter Externalities 


Popular discourses on economic growth and de- 
velopment frequently assume that nature is a 
fixed, indestructible factor of production. Advanced 
textbooks on economic growth and development 
are based on a similar thesis. But nature consists of 
degradable resources. Agricultural land, forests, 
watersheds, fisheries, fresh water sources, estuaries, 
the atmosphere, and, more generally, ecosystems 
are self-regenerative capital assets, but they suf- 
fer from depletion or deterioration when they are 
overused or toxified. 

Environmental externalities are pervasive be- 
cause property rights to prominent classes of natural 
capital are difficult to enforce and, worse, chal- 
lenging to define. One reason is their mobility: The 
wind blows, rivers flow, fish swim, deer flee, birds 
and insects fly, and even earthworms are known to 
move. Moreover, global climate change and the 
deteriorating state of the world’s oceans indicate 
that substitution possibilities between produced 
capital and human capital, on one hand, and vital 
forms of natural capital, on the other, are limited 
(41). Official statistics on national income give the 
impression that the natural environment is of small 
importance (the share of agriculture in national in- 
come in the United States is only 2 to 3%, so there 
is no reason to worry), but official statistics are built 
on market prices, not prices that reflect the social 
worth of natural capital. If shadow prices were to be 
used in economic statistics, the decomposition of 
national income into its various components would 
look quite different (42, 43). The reproductive and 
consumption externalities we have outlined here 
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have a different origin, having to do with our 
psychological needs and drive. 


Nonlinearities 


Our account of reproductive and consumption 
externalities provides an explanation for why 
growth in population is a point of special concern 
in poor countries, whereas in rich countries with 
TFRs below 1.8, the focus should be wasteful 
consumption (/5). We have shown not only 
that there is feedback between each node at the 
population-consumption-environment nexus (Fig. 1), 
but that externalities at each node amplify the 
feedback. Taken together, these factors create the 
unsustainable stresses on nature that have been 
recorded in recent years (44). The harmful effects 
of those stresses are made urgent by the presence 
of nonlinearities in the coupled processes at work. 
As the nonlinearities involve positive feedback, 
the stresses are yet further amplified and act more 
quickly (45, 46). 

Nonlinearities are ubiquitous in the processes 
governing Earth; this is a central message of the 
environmental sciences (46). It is also known that 
competitive markets cannot exist in a world where 
production and consumption possibilities (in- 
cluding the use of natural capital) are subject to 
substantial nonlinearities (47). Modern econom- 
ics has shown that nonlinearities are inevitable in 
social systems suffering from harmful environ- 
mental externalities (48). Hence, the externalities 
associated with competitive consumption gener- 
ate yet another class of nonlinearities. Creating 
competitive markets for externalities as a way to 
eliminate their unintended consequences is, thus, 
not an option (47, 48). Nonmarket institutions are 
a necessary complement to customary markets. 
The creation of such institutions requires collec- 
tive action among affected parties, but for that to 
come about, the parties need to be aware of 
the character of those externalities. This is 
beginning to happen in the case of a handful 
of nature’s commons (/, 2)—for example, 
the global climate and the oceans—but, to date, 
there have been few attempts to estimate the 
magnitude of the reproductive and consump- 
tion externalities we have classified in this 
work. 

Nonlinearities in socio-environmental sys- 
tems are increasingly coupled with one another 
across space and time through trade in goods and 
services, which has aggravated problems by 
making individual risks overly correlated with 
one another (49). Because nonlinear systems can 
undergo regime shifts, the time it takes for a 
society to recognize that part of its system is near 
a tipping point until fully tipping into an un- 
palatable state is increasingly short. Currently, 
more than 45% of the 45 billion to 60 billion 
metric tons of carbon that are harnessed annually 
by terrestrial photosynthesis is being appropri- 
ated for human use (50). Due in large measure to 
that, 15 of the 24 major ecosystem services 
examined in the Millennium Ecosystem Assess- 
ment (44) were found to be either degraded or 
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currently subject to unsustainable use. Crude 
calculations suggest that if the 5.7 billion people 
in poor and middle-income countries were to 
match the consumption patterns of the 1.3 billion 
people in the rich world, at least two more 
Earths would be needed to support everyone 
on a sustained basis (5/). The consensus among 
demographers is that world population will be 
9.5 billion or more by 2050. Should that prove 
accurate, the demands made on Earth will prove 
to be even more unsustainable. 


Technological Change 


People are known to insist that technology can 
be relied on to come to humanity’s aid (52), but 
new technologies do not come out of thin air. 
Innovators respond to incentives, and institutions 
matter. The underpricing of natural capital, for 
example, influences the direction of research and 
development, and the latter influences the char- 
acter of technological change. Because nature’s 
services are underpriced in the market, innovators 
have little reason to economize on their use. We 
should not be surprised when new technologies 
are rapacious in the use of natural capital. The 
cumulative adoption of such technologies and 
practices over the centuries has locked us into an 
infrastructure that will prove very hard to dislodge. 

Evidence from the past tell us, however, that 
people have often responded successfully to grow- 
ing economic stress by inventing new ways of 
doing things (53). After all, today’s rich countries 
were poor not so long ago. But both evidence and 
the theoretical underpinning to that evidence tell 
us that successful response cannot be guaranteed. 
For example, in the face of population pressure 
in Bangladesh, small land-holders have periodi- 
cally innovated so as to intensify agricultural 
production. However, this has resulted in im- 
perceptible improvement in the standard of living 
and an increase in landless households (54), the 
latter probably owing to the prevalence of 
distress sales of land. By analogy, the image 
that comes to mind is of people walking up an 
escalator that is coming down at the same speed. 

That image has been sharpened in recent 
years by the empirical discovery that the persist- 
ence of poverty and continued loss in biodiversity 
are closely connected in parts of sub-Saharan 
Africa (55). Moreover, recent archaeological 
studies showing that a number of societies in the 
distant past collapsed, owing to degradation 
of the local environmental-resource base, provide 
indirect evidence of the contemporary pres- 
ence of alarming positive feedback within the 
population-consumption-environment nexus (56). 


Conclusion 


Although their magnitudes are likely to vary 
across societies, owing to differences in societal 
histories, institutions, customs, and ecologies, the 
reproductive and consumption externalities we 
have identified here share marked commonalities. 
Moreover, our analysis has uncovered reasons 
why technological innovations since the Industrial 
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Revolution have been rapacious in their reliance 
on natural capital. We have shown that the exter- 
nalities studied in this paper are not self-correcting. 
Hence, our analysis points to a spiraling socio- 
environmental process, giving credence to the 
presumption that the pattern of contemporary 
economic growth is unsustainable. 
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Near-Field Interference for the 
Unidirectional Excitation of 
Electromagnetic Guided Modes 


Francisco J. Rodriguez-Fortufio,”* Giuseppe Marino,” Pavel Ginzburg,” Daniel O’Connor,* 
Alejandro Martinez,” Gregory A. Wurtz,’ Anatoly V. Zayats** 


Wave interference is a fundamental manifestation of the superposition principle with numerous 
applications. Although in conventional optics, interference occurs between waves undergoing 
different phase advances during propagation, we show that the vectorial structure of the near 
field of an emitter is essential for controlling its radiation as it interferes with itself on 
interaction with a mediating object. We demonstrate that the near-field interference of a 
circularly polarized dipole results in the unidirectional excitation of guided electromagnetic 
modes in the near field, with no preferred far-field radiation direction. By mimicking the dipole 
with a single illuminated slit in a gold film, we measured unidirectional surface-plasmon 
excitation in a spatially symmetric structure. The surface wave direction is switchable with 


the polarization. 


phenomena in nature, enabling numerous ap- 

plications. In optics, it is intensively used in 
microscopy, stellar measurements, spectroscopy, 
and communication technologies, among many 
others, and is the basis behind the concepts of 
reflection, refraction, and light bending (/, 2). 
Typically, interference occurs as a result of the 
relative phase lag of different propagating waves. 
By contrast, nanophotonics—the branch of op- 
tics studying the interaction of light with sub- 
wavelength nanoscale structures—deals inherently 
with phenomena that occur via near-field inter- 
actions before appreciable phase lags can be ac- 


[ene is the cornerstone of various 
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cumulated (3). A radiationless form of interference 
in the near field (4) is behind new exciting ap- 
plications such as the focusing of evanescent com- 
ponents to achieve subwavelength resolution in 
imaging (5-8). Near-field interference achieved 
through the full coherent control of the phase 
and amplitude of excitation light allows asym- 
metric spatial field localization (9, 70) and se- 
lection of propagation paths at intersections of 
waveguides (//). 

We demonstrate near-field interference by con- 
sidering a single source of radiation coupled to a 
mode with a vectorial structure of electromag- 
netic field. With an additional degree of freedom 
provided by the vectorial character of the field, 
control over the near-field interference can be 
achieved. We show that an elliptically polarized 
dipole can produce destructive or constructive 
interference of different evanescent components 
in its near field and, as a result, excite electromag- 
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netic modes in neighboring material structures, 
such as dielectric and plasmonic waveguides and 
diffraction gratings, with a controlled direction- 
ality of propagation. 

Recently, several solutions for the directional 
excitation of surface plasmon polariton (SPP) 
waves (/2, 13) have been proposed, including 
a backside-illuminated slit near a surface Bragg 
grating (/4), the use of asymmetric slanted grat- 
ings (/5) and chirped gratings (/6), tilted-angle il- 
lumination of slits and gratings (/7, 18), or the 
illumination of nearby, compact nanoantennas 
(79). Directional extraction of light from local- 
ized emitters with nanoantennas (20), emission 
directionality of thermal sources coupled to SPPs 
(21), and directional coupling to planar dielec- 
tric photonic waveguides (22) have been dem- 
onstrated. All of the above approaches have a 
resonant nature and rely on the careful selection 
of the wavelength and geometrical parameters of 
the structure, with the direction of excitation de- 
termined by an asymmetry of the structure and/or 
the incident light direction. Near-field dipolar in- 
terference provides a fundamentally different 
approach to unidirectional guided wave excitation 
with broadband (nonresonant) characteristics and 
the opportunity to achieve polarization-tunable 
directionality. 

The phenomenon of unidirectional excitation 
can be understood by considering a dipole placed 
at a subwavelength distance d from a waveguide 
surface—for example, a dielectric slab or a single 
metal-dielectric interface (Fig. 1A). The high— 
spatial-frequency components of the dipole radia- 
tion allow the excitation of guided modes in the 
waveguide. The fundamental principle behind 
the effect of unidirectionality is the selective vec- 
torial excitation of the electric field of the wave- 
guide mode, dependent on the emitted polarization. 
At the location of the waveguide immediately 
below the dipole, the vertically oriented com- 
ponent of the dipole is coupled to the transverse 


19 APRIL 2013, VOL 340 SCIENCE www.sciencemag.org 


field of the electromagnetic mode, while the 
horizontal component of the dipole drives the 
longitudinal component. Both components have 
different amplitudes and phases. A properly 
chosen polarization of the dipole will result in 
destructive interference in one prescribed direc- 
tion and a mode propagating in the opposite 
direction. 

Without restriction on the nature of wave- 
guided modes, we consider a rigorous quantitative 
description based on phase-matching conditions 
between the source dipole and the structure’s 
modes. It is convenient to decompose the field of 
the dipole into spatial-frequency components k, 
and k, (3). The full three-dimensional (3D) treat- 
ment is described in (23). Here we discuss a 2D 
case in which the dipole moment is defined per 
unit length as pep = [p,, p-], and the decom- 
position of its magnetic field can be written as 
H,(x,z) = JH, (ky.z)e™"dky, where 


i k, ihe lo-z, 
H,,(k.2) = be | eftslesmmel (1) 


kz = (ko? — 2)" is the wave vector along z, @ 
is the angular frequency, kp = w/c, and the phasor 
notation H(r,t) = Re[H(r)e “’] was used. The 
upper sign in Eq. | applies to z > Zgipote, While 
the lower sign applies to z < Zgipole, Where Zgipote 
is the dipole coordinate. The H,, components with 
—ky < k, < ko correspond to propagating plane 
waves forming an angle 8 = sin |(k,/ko) with the 
z axis, whereas the components with |k,| > ko are 
evanescent and important only in the near field 
(for z << A). 

The linear superposition of the two orthog- 
onal dipole orientations p, and p- leads to both 
far-field and near-field interference. The dipole 
oriented along z axis has an odd parity of its 
spatial frequency spectrum H,,(k,), whereas the 
opposite is true for the x-oriented dipole, which 
shows an even parity. This suggests that apply- 
ing the superposition principle to these dipoles 
could result in a nonsymmetric spatial-frequency 
distribution. The term (A,/k,) in Eq. 1 is real- 
valued for propagating components and imag- 


inary for evanescent ones. This means that to 
achieve destructive interference [H,,(A,) = 0] in- 
side the light cone (\k,| < ko), py» and p, should 
be in phase (linearly polarized). Remarkably, 
the interference can take place outside the light 
cone (|k,| > ko) when p, and p-, are 90° out of 
phase. According to Eq. 1, for a circularly po- 
larized dipole with pry = p[1,—i]/V2, the spec- 
tral amplitude of the evanescent components 
with k, > 0 add up destructively, whereas for 
negative k, both dipole components reinforce 
each other (Fig. 1B). This near-field interference 
effect is the basis for the selective directional 
excitation of guided modes by the evanescent 
components of the dipole field. The direction- 
al behavior that emerges from the evanescent 
components is quite a counterintuitive result, 
considering that no preferred direction is ob- 
served for the propagating components of the 
circular dipole radiation—as can be shown by 
noting that the magnetic field radiated per unit 
angle, obtained by substituting k, = kosin® in 
Eq. 1, is given by H,,(0,z)d@ = Hoe*?d®, which 
has a constant magnitude for all radiating angles 
0. From the directional assymetry of the evanes- 
cent component spectrum, it follows that by 
placing a structure that supports bound propa- 
gating modes with an exp(+ik("x) dependence 
(with |k,”| > ko) in the near field of this dipole, 
the modes propagating toward negative x will 
be dominantly excited over the modes propagat- 
ing in the positive x direction with a ratio equal to 
that of the amplitudes of the corresponding eva- 
nescent wave components of the dipole R = |H,, 
(ke /|H(-k")|. The opposite directionality is 
observed if the direction of rotation of the di- 
pole is reversed. The z position of the dipole does 
not affect this ratio, because the evanescent de- 
cay, exp(ikJz|) in Eq. 1, affects the fields with 
both signs of k, equally. 

This effect has been demonstrated numerical- 
ly for two different waveguides by applying the 
spectral decomposition of the dipole and the 
transfer matrix method (24). The first example is 
a dielectric slab of thickness s = 0.2A, with per- 
mittivity €, = 9 + 0.1i, placed at a distance d = 


— pp=[1,-i] 
> pay =[ 1, -0.705i ] ke? 3 


IH, (k,/k,)| (2.U.) 


Fig. 1. Asymmetric excitation of waveguided modes. (A) Schematics of the circularly polarized 
dipole over a planar waveguiding structure (metal-dielectric interface). A cross-section of the calculated 
magnetic field distribution is overlaid at the surface of a metal (d = 0.32, « = —2 + 0.17), showing the 
asymmetric excitation of SPPs. (B) Spatial frequency spectra of a circularly polarized (continuous line) 


and elliptically polarized (dashed line) dipole. 
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0.14 from the dipole. This slab has a bound wave- 
guided mode that can propagate in opposite 
directions with the wave vector +k! = +1.965ko 
(Fig. 1B). Clearly, the mode with kd will be ex- 
cited by the circular dipole with a much greater 
amplitude than the one with +kt (amplitude ratio 
R= 13.4), resulting in unidirectional propagation 
of the mode within the slab (Fig. 2B). The second 
example is a semi-infinite metallic medium with 
permittivity €,, =—2 + 0.1i, placed at a distance 
d= 0.32 from the circular dipole. The air-metal 
boundary supports counterpropagating SPP modes 
with wave vectors +k*?P = +1.41ko (Fig. 1B). 
Only one of these modes is predominantly ex- 
cited by the circular dipole (amplitude ratio R = 
5.8), resulting in directional SPP propagation 
(Fig. 2C). The lobes observed toward the upper 
right part of the figure correspond to far-field 
radiation from the dipole and its reflection. Ani- 
mated versions of Fig. 2, A to D, are given in 
movies S1 to $4. 

In both presented examples, a residual non- 
zero amplitude is still observed for the modes 
with positive k,. This residual wave can be elim- 
inated by using a dipole moment with different 
relative amplitudes in its x and z components 
(elliptical polarization). Relying on Eq. 1, it is 
possible to design a dipole with a spatial fre- 
quency spectrum such that the field is exactly 
zero for the mode that needs to be inhibited; 
e.g., H,(k?) = 0 for the wave vector of the mode 


dielectric 4!" 


metal 


metal 


a 0 1 2 3 


Fig. 2. Dipole radiation in various surroundings. 
Magnetic field distributions for a 2D circularly 
polarized dipole pzp = [1, —i] (A) radiating in free 
space, (B) exciting a dielectric waveguide mode (d = 
0.1A, € = 9 + 0.17, s = 0.2A), and (C) exciting 
SPP mode (d = 0.3A, € =—2 + 0.1%, 5 = 00). (D) 
Same as (C) but with an optimized elliptical dipole 
Pzp = [1, —0.705/] to minimize the SPP excitation 
in the opposite direction. Color scale is the same 
for all plots. 
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Fig. 3. Directional SPP excitation with a slit. (A) Sche- 
matics of the experiment. A plane wave is incident at nearly 
grazing angle (70°) onto a slit in a metal film. (B) Scanning 
electron micrograph of the slit. (C) Spatially filtered Fourier 
plane images of the SPP leakage radiation collected from the 
sample for different polarization states of the illuminating light. 
The bright spots correspond to the points on the SPP wave vector 
arc for the Au/air interface with k, matching the incident wave 
vector. (D) Experimental (solid lines) and simulated (dashed 
lines) dependences of the intensity of left and right excited SPPs 


on the polarization of the illuminating light. 


with positive k;P?. This is the case for pap = 
[1, —0.705i], showing a zero value at exactly the 
SPP wave vector kSP = +1.41k (Fig. 1B). The 
resulting truly unidirectional excitation of SPP 
wave is shown in Fig. 2D, with no coupling to 
the “undesired” back-propagating SPP mode. 
The finite lifetime of the SPPs due to the Ohmic 
losses causing broadening in the wave vector spec- 
trum may, however, result in some minor spurious 
excitation. 

To experimentally demonstrate the concept, 
we show the directional excitation of SPPs on 
a smooth 50-nm gold film using a symmetric 
130-nm-wide slit illuminated with circularly po- 
larized light. The slit plays the role of the 2D 
circularly polarized dipole, exciting SPPs on the 
nearby smooth metal film. Three-dimensional sce- 
narios may be realized by considering single 
defects in a film (25) or a nanoparticle placed on 
a metal surface (26). Because the circular polar- 
ization of the dipole is required in a plane per- 
pendicular to the metal surface (Fig. 1A), the 
illumination is chosen at a grazing angle along 
the slit length (Fig. 3A). The leakage radiation 
of the SPPs into the glass substrate is recorded 
as bright spots on a charge-coupled device cam- 
era placed in a spatially filtered Fourier plane 
(fig. S1). In the case of linear polarization, both 
SPPs are excited equally on both sides of the slit, 
whereas for left- and right-handed circular po- 
larizations, SPPs are predominantly excited prop- 
agating to the right and left side of the slit, 
respectively (Fig. 3C). 

A full set of polarization states was studied by 
rotating a A/4 plate in a linearly polarized ex- 
citation beam (Fig. 3D). For linear polarization 
(A/4 plate orientation: 0°, —90° and +90°), the 
expected behavior of equal excitation of SPPs on 
both sides of the slit is observed. However, for 
two circular polarizations of the incident light, 
SPPs are preferentially excited in one direction. 
Symmetry requires that the two SPP excitation 


curves be mirror images of each other, which is 
clearly observed in the experiment. Small de- 
viations from theoretical predictions obtained 
for an ideal dipole can be expected to originate 
from the finite size and shape of the slit, whose 
dipolar behavior is not equivalent for fields po- 
larized across the slit and perpendicularly to 
it. This prevents achieving full directionality 
and contributes to the observed background 
intensity (Fig. 3D). A complete control of the 
polarization ellipse of incoming light (/0, //) 
would optimize the device performance, which, 
following symmetry considerations (23), could 
potentially achieve a 1:0 contrast ratio. Similar- 
ly, directional SPP excitation can be achieved 
with a slit grating by using the same approach 
(fig. S2). 

We have described a fundamental example 
of vectorial near-field interference using a sim- 
ple circularly or elliptically polarized dipole to 
achieve directional broadband excitation of guided 
modes. The underlying physics holds potential 
and wide applicability to other optical processes. 
Useful applications may be in the excitation of 
photonic guided modes exhibiting directional 
dependence with the direction of the input cir- 
cularly polarized light, enabling compact nano- 
scale light sources that could efficiently absorb 
incoming illumination and couple it to the modes 
of Si-photonic or plasmonic guides in a desired 
single direction. It also opens exciting possibili- 
ties for directional switching, polarization sorting, 
and processing of polarization-encoded infor- 
mation, including polarization-entangled optical 
qubits. 
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Polarization-Controlled Tunable 
Directional Coupling of Surface 


Plasmon Polaritons 


Jiao Lin,*?* J. P. Balthasar Mueller,?* Qian Wang,? Guanghui Yuan,? Nicholas Antoniou,* 


Xiao-Cong Yuan,° Federico Capasso‘t 


Light can be coupled into propagating electromagnetic surface waves at a metal-dielectric interface 
known as surface plasmon polaritons (SPPs). This process has traditionally faced challenges 

in the polarization sensitivity of the coupling efficiency and in controlling the directionality of 
the SPPs. We designed and demonstrated plasmonic couplers that overcome these limits using 
polarization-sensitive apertures in a gold film. Our devices enable polarization-controlled tunable 
directional coupling with polarization-invariant total conversion efficiency and preserve the 
incident polarization information. Both bidirectional and unidirectional launching of SPPs are 
demonstrated. The design is further applied to circular structures that create radially convergent and 
divergent SPPs, illustrating that this concept can be extended to a broad range of applications. 


agating excitations that arise from the cou- 

pling of light with collective oscillations 
of the electrons at the surface of a metal (/). The 
strong dependence of their properties on the com- 
position and structure of the surface has led to 
many advances in the control of light at the nano- 
scale (2-9), holding promise for optical informa- 
tion technology and optoelectronics (/0, 17) and 
for the study and engineering of light-matter in- 
teraction (/2, /3). 

The polarization states of the optical signal 
that can be coupled to a plasmonic device are 
often limited by the selectivity of the coupling 
process. For directional SPP excitation, usually 
only the component of the incident light that is 
polarized perpendicularly to either groove- or 
ridge-like scattering elements (in the case of 
gratings) or to the metal surface itself (in the 
case of prism-based schemes) can be coupled 
into SPPs (/). Light in the orthogonal polariza- 
tion does not couple to SPPs, leading to a de- 
crease in the SPP signal and a loss of information 
about the incident polarization state. 

Additional challenges arise in controlling the 
direction of propagation of the generated SPPs. 
Poor directionality frequently represents a sub- 
stantial source of noise and reduces efficien- 
cy. This has lead to the development of several 
schemes that couple unidirectionally, albeit with 
limited dynamic tunability (/4-/6). 

We present a directional plasmonic cou- 
pler that addresses these challenges by offering 


S urface plasmon polaritons (SPPs) are prop- 
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polarization-invariant coupling efficiency to SPPs 
while allowing full control over the distribution 
of power between two counter-propagating SPP 
modes. This includes unidirectional coupling and 
preserves polarization information. 

A narrow aperture in a metal film selectively 
scatters incident light that is polarized perpen- 
dicular to it, giving rise to SPPs. This occurs both 
for light incident on the front and for light in- 
cident on the back of apertures that fully perforate 
the film. In the latter case, SPPs are transmitted 
through the apertures to the other side of the film, 
where they are launched across the surface. The 
SPP emission pattern of a subwavelength aper- 
ture is approximately that of an in-plane dipole 
(17), which is known analytically (78) and plotted 
in Fig. 1A along with the corresponding orien- 
tation of the aperture. When many such dipoles 
are arranged in a column with a spacing that is 
smaller than the SPP wavelength (Agpp), the 
launched SPPs are plane waves that propagate 
perpendicularly away toward either side of the 
column (Fig. 1B). This effect is independent of 
the orientation of the dipoles of the column. We 
can therefore create a source of SPP plane waves 
propagating in a fixed direction that can be de- 
signed to selectively respond to a polarization 
component of the incident light determined by 
the orientation of the apertures of the column. 

A more complex polarization response can 
be achieved by fabricating multiple columns on 
the metal surface, resulting in interference of 
the SPP waves created by individual columns. 
We consider two parallel columns (Fig. 1C) that 
are spaced a distance S apart and are made up 
of apertures with width Wand length L, such 
that W<<L <Agpp. The apertures of one column 
are spaced a distance D apart, with D < Agpp. The 
columns are offset by half a period (D/2) along 
their axes to reduce near-field coupling and scat- 
tering of the SPPs by neighboring apertures. 
With this geometry, simulations showed both 
effects to be negligible (79). The apertures of the 
first and second column are oriented at angles 


REPORTS Ul 


6, and 8, with respect to the y axis. If light with 
an electric field E is normally incident on the 
metal surface, the respective columns will then 
couple to the components of the incident field £; 
and E> that are polarized at angles 90° + 8, and 
90° + 85. The conversion efficiency C; of a col- 
umn scales as C; & cos” @; because the SPP 
emission pattern of the individual apertures is 
anisotropic (Fig. 1A) and only the component 
of the wave that is launched perpendicular to 
the column is not cancelled by the fields of the 
surrounding dipoles (Fig. 1B). 

The field components E; and B can have a 
relative phase 6 that is preserved by the coupling 
process and transferred to the SPPs. If the prop- 
agation loss of the SPPs over the small distance 
S is neglected, interference of the SPP waves 
launched by each column results in time-averaged 
SPP field intensities propagating to the right (Jp) 
and the left (/.) to the pair of columns (/9): 


R& [(CiEt + CER) + 2E\ E> cos(ksppS + 8)] 
i {( Cc Ee + QE. 2) + 2F\ E> cos(ksppS' — 8)| 


(1) 


where the intensities are calculated in the di- 
electric. E, and £, denote the amplitudes of the 
field components coupled to the respective col- 
umns and kspp = iow the, SPP wave ie If 
|8; — 82] = 90°, then |EP = = |E, |? ~ |E|°. 

make the particular choice of 8; = 45° and 2 = 
45° + 90° = 135°, in which case the coupling co- 
efficients of the two columns C,; = C) = C. If we 
adjust the lateral spacing S of the columns with 
respect to the SPP wavelength to S = Zieh, 
Eq. | becomes 


Ip C[(E; + E3) — 2E\ E> sind] (2) 
IL& C[(E} + E>) + 2E) Ep sind] 

Notably, the combined intensity of the cou- 
pled SPP fields Jy + J, <C|E|° is proportional 
to the intensity of the incident light but is in- 
dependent of 6 and of the relative magnitude of 
the coupled field components £, and E>. The 
total power that is converted to SPPs can thus 
be made independent of the polarization of the 
incident light. Moreover, the polarization depen- 
dence in Eq. 2 can be used to adjust the fraction 
of the total converted power that is propagating 
in the SPP waves launched either toward the 
left or toward the right side of the column pair 
by changing the polarization state of the inci- 
dent light. The distribution of the intensities in 
the counter-propagating SPP modes as a func- 
tion of polarization as predicted by Eq. 2 is shown 
in Fig. 2A. Here, we expressed the polarization 
state of the incident light in complex number rep- 
resentation (20) in terms of y and 6 according to 
é 


5 E 
e* tan y= 


E (3) 


where Ey and £5 are the complex amplitudes 
of the field components £, and E>, respectively. 
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Unidirectional coupling occurs when the incident 
light is circularly polarized (E, = Ez; 4), with the 
direction determined by the handedness. In this 


Fig. 1. Closely spaced subwavelength apertures as polarization-selective 
SPP plane-wave sources. (A) The calculated normal component of the SPP 
electric field launched by an in-plane dipole (in arbitrary units), which is an 
approximation for a subwavelength aperture in a gold film (overlay) that is 
scattering incident light polarized perpendicular to its long axis (polarization 
indicated by a red arrow). (B) The SPP waves generated by a single aperture 
propagate radially away from it, with wavefronts shown in black. The waves 


Fig. 2. Changing the incident polarization 


way, the two circular polarization states represent 
two separate channels that can selectively address 
structures to either side of the coupler. Switchable 


Power Left 


unidirectional coupling is possible by changing 
the handedness of the incident light (Fig. 2A). 
The structure is analogous to a polarizing beam 


Column 1 Column 2 


emitted from many apertures arranged in a column with subwavelength spacing 
interfere constructively along planes parallel to the column, shown as dashed 
lines. SPP wave vectors (kspp) are shown as gray arrows. (C) Two columns of 
apertures (1 and 2) are positioned in parallel with spacing S. The columns 
couple to the field components £, (blue arrows) and £2 (green arrows) of the 
incident field E (pink arrow). The resulting combined SPP plane waves 
propagating away from the column pair (red arrows) have intensities /z and /,. 


Power Right 


enables continuous tuning of the direction- 
ality of the launched SPPs. (A) Distribution 
of power between the SPP waves propagating 
to either side of the coupler as a function of the ca 
polarization state of the normally incident light 2 
according to Eq. 2. The incident polarization states 
are expressed in complex number notation in terms 


> 


= 


100%! 


of the angles ‘¥ and 6 (Eq. 3) and additionally 
shown as a black overlay. (B) Multiple parallel col- 
umn pairs are spaced Acpp apart. The structure is nT 
shown such that right (left) CPL is coupled to the 2 
right (left) when it is incident from the top. (C) 
FDTD simulation of the near-field intensity (arbi- 


50% 


0% 


trary units) above a coupler made up of five col- 
umn pairs (white overlay) under illumination by 
incident light with linear and circular polariza- 
tions (pink arrows). 
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0.58 splitter with two SPP output channels because the 
SPP fields propagating to the left and the right 
correspond to the circularly polarized compo- 
nents of the incident light. The polarization state 
of the incident light is then fully encoded in the 
amplitude and relative phase of the SPPs. 

The cross-section of the coupler can be in- 
creased by placing several column pairs an SPP 
war wavelength apart in the manner of a second-order 

grating (Fig. 2B). The side of the structure toward 
which each circularly polarized state is routed 
relative to the observer is shown in Fig. 2B. 
0.28 We performed full-wave finite-difference time- 
domain (FDTD) simulations of the SPPs created 
by a group of five column pairs patterned on a 
gold surface for various incident polarizations. 
This structure was designed for operation at 1 = 
633 nm, corresponding to Aspp = 606 nm. The 
geometrical parameters of the structure are S = 
150 nm, D= 300 nm, W=40 nm, and L = 200 nm. 
0.40 The column pairs are spaced 600 nm apart, and 
the thickness of the Au film is 200 nm. The re- 
sults show good agreement with the predictions 
of Eq. 2 (Fig. 2C). Further simulation results can 
0 be found in (/9). 
We fabricated 10 column pairs, with S = 
150 nm, D= 300 nm, W= 50 nm, and L= 200 nm 


Fig. 3. Measurement of the SPPs launched by a fabricated coupler. (A) Scanning electron 2. @ 150-nm-thick gold film using focused ion 
microscope (SEM) image of a structure fabricated in a gold film for operation at = 633 nm. (BtoD) eam milling (FIB). The devices were back- 
NSOM images of the structure under illumination from the back by LPL (B), right CPL (C), and left CPL __ illuminated with polarized 633-nm laser light, 
(D). The state of incident polarization is shown by white arrows. and the SPPs were measured using near-field 
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Fig. 4. Curved structures and polarization-invariant coupling effi- LPL, which results in equal power propagating inward and outward. SPPs are 
ciency. (A) SEM image of a circular coupler based on our design. (B) NSOM _ generated by sections of the coupler oriented at all angles with respect to the 
images of the coupler under right CPL, resulting in radially inward coupling, _ incident polarization. (E) SEM image of a circular groove of the same radius, 
which creates a high-intensity standing wave within the circle. (C) NSOM representative of a conventional plasmonic coupler. (F) NSOM image of the 
image under left CPL, resulting in radial unidirectional coupling away fromthe circular groove under LPL, showing generation of SPPs only where the groove 
circle and low intensity within the circle. (D) NSOM image of the coupler under —_ is perpendicular to the incident polarization. 
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scanning optical microscopy (NSOM) (/9). The 
observed field distributions are in good agree- 
ment with the theoretical model (Fig. 3). The 
NSOM micrographs exhibit fringe patterns that 
result from the interference of the SPPs with in- 
cident light directly transmitted through the film, 
confirming that the measured optical signal cor- 
responds to the near-field (/9). Figure 3, B to D, 
shows in particular that circularly polarized light 
(CPL) of opposite handedness generates counter- 
propagating SPP beams, whereas linearly polar- 
ized light (LPL) launches SPP beams of equal 
intensity toward either side of the coupler. 

This coupling scheme can be generalized by 
adding curvature to the column pairs on the metal 
surface. A coupler bent into a circle can be used 
to achieve radial unidirectional coupling (Fig. 4A). 
Depending on the handedness of the structure, 
the two circular polarization states result in SPPs 
that propagate radially toward the center of the 
circle (Fig. 4B) or outward (Fig. 4C). In case of 
unidirectional inward coupling, a high-intensity 
standing wave is formed within the circle, whereas 
the field intensity is minimal in the case of uni- 
directional outward coupling. LPL, as an equal 
superposition of left and right circularly polarized 
waves, results in SPPs propagating equally 
inward and outward (Fig. 4D). SPPs emanate 
from sections of the coupler oriented at all angles 
with respect to the incident polarization, demon- 
strating the polarization-invariant coupling effi- 
ciency for LPL. This feature becomes clear by 
comparing the properties of our structure with 
those of a ring-shaped groove (Fig. 4E), which 
is functionally equivalent to conventional SPP 


couplers. The NSOM image of the SPP field 
above the latter shows that SPPs can only be gen- 
erated where the incident polarization is perpen- 
dicular to the groove (Fig. 4F). 

Our couplers may form the basis for novel 
plasmonic devices and can be used to both im- 
prove efficiency and lower cross-talk in plasmonic 
networks. The possibility of encoding the po- 
larization information in SPPs is particularly 
relevant based on recent evidence that SPPs pre- 
serve quantum coherence (2/), which suggests 
that the structure may be used to reversibly con- 
vert polarization-encoded photon qubits to SPPs. 
This could help to further harness the unique 
properties of SPPs for applications in quantum 
information. 
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External Quantum Efficiency Above 
100% in a Singlet-Exciton-Fission—Based 
Organic Photovoltaic Cell 


Daniel N. Congreve,* Jiye Lee,* Nicholas J. Thompson,* Eric Hontz, Shane R. Yost, 
Philip D. Reusswig, Matthias E. Bahlke, Sebastian Reineke, Troy Van Voorhis, Marc A. Baldot 


Singlet exciton fission transforms a molecular singlet excited state into two triplet states, each 
with half the energy of the original singlet. In solar cells, it could potentially double the 
photocurrent from high-energy photons. We demonstrate organic solar cells that exploit singlet 
exciton fission in pentacene to generate more than one electron per incident photon in a portion 
of the visible spectrum. Using a fullerene acceptor, a poly(3-hexylthiophene) exciton confinement 
layer, and a conventional optical trapping scheme, we show a peak external quantum efficiency 
of (109 + 1)% at wavelength A = 670 nanometers for a 15-nanometer-thick pentacene film. 
The corresponding internal quantum efficiency is (160 + 10)%. Analysis of the magnetic field 
effect on photocurrent suggests that the triplet yield approaches 200% for pentacene films 


thicker than 5 nanometers. 


onventional solar cells generate one elec- 
tron for each photon that is absorbed. The 
output voltage is defined by the bandgap, 
and solar cells waste any excess photon energy as 
heat. Summing the thermal loss over the solar 
spectrum yields the Shockley-Queisser efficiency 


limit of 34% for solar cells containing a single, 
optimized semiconductor junction (/). 

Splitting excited states, or excitons, gener- 
ated after the absorption of high-energy photons 
presents one pathway beyond the single junction 
efficiency limit. Instead of harvesting a single 
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electron, several charges can be obtained by dis- 
sociating the child excitons. For example, so-called 
multiple exciton generation mechanisms have been 
used to produce an average of more than one 
electron from an ultraviolet photon with energy 
four times the bandgap (2). 

Singlet exciton fission is a type of multiple 
exciton generation mechanism found in organic 
semiconductors (3, 4). It is notable because spin 
conservation disallows the usual competing loss 
process: thermal relaxation of the high-energy 
exciton into a single low-energy exciton. In fis- 
sion, the low-energy exciton is a dark state, inac- 
cessible by a direct transition from either the 
high-energy exciton or the ground state. Only the 
evolution of the high-energy state into two dark 
excitons is spin-allowed. Consequently, prior studies 
have suggested that singlet fission can be efficient 
even in the visible spectrum, harnessing photons 
of just twice the energy of the child excitons (5—/0). 

There is a side effect of spin in singlet fission, 
however. The dark exciton controls the electrical 
properties of the cell. These are decoupled from 
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the optical absorption, which is controlled by the 
bright, high-energy exciton. Thus, fission does 
not itself increase the power efficiency of a solar 
cell. It potentially doubles the photocurrent at 


it, solar cells could combine fission with a con- 
ventional material that fills in the absorption 
spectrum above the dark exciton (//—/5). First, 
however, singlet fission must demonstrate that 


it can break the conventional barrier of one elec- 
tron per photon. 


the cost of losing at least half the open circuit 
voltage. To overcome the Shockley-Queisser lim- 
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Fig. 1. Singlet fission dynamics in pentacene. Calculations of singlet and triplet excitons and charge 
transfer states at the pentacene/fullerene interface are shown, with the purple (orange) density indicating 
where less (more) electron density is found in the excited state. The delocalized singlet exciton and two 
localized triplet excitons are circled in red. The loss pathway for singlet excitons is direct dissociation into 
charge before singlet exciton fission. 
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Fig. 2. Device architecture and EQE of a pentacene solar cell. (A) Chemical structures and ar- 
chitecture of the solar cell with the thickness of each layer in nanometers and energy levels of the lowest 
unoccupied and highest occupied molecular orbitals in electron volts (12, 18, 20, 29-31). The anode is 
composed of indium tin oxide (ITO) and poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS). 
The cathode employs bathocuproine (BCP) and a silver cap. (B) External quantum efficiency of devices without 
optical trapping (blue line), and device measured with light incident at 10° from normal with an external mirror 
reflecting the residual pump light (red line). Optical fits from IQE modeling are shown with dashed lines: 
modeled pentacene EQE (blue dashes), modeled P3HT EQE (purple dashes), and modeled device EQE (black 
dashes) for comparison to the measured device efficiency without optical trapping. 
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The best understood fission material to date is 
pentacene, an acene with five rings. Its dynamics 
are illustrated in Fig. 1. Optical excitation gen- 
erates a delocalized spin 0, or singlet, exciton. 
Within about 80 fs (5—/0), the pentacene singlet 
exciton splits into a pair of spin 1, or triplet, ex- 
citons. A pair of triplet excitons can be combined 
in nine different spin states. As some triplet-pair 
states have singlet character (total spin of 0), 
singlet fission is spin-allowed. Under an applied 
magnetic field, the singlet character of the triplet- 
pair states is redistributed, changing the number 
of states with singlet character. Thus, the rate of 
singlet fission is dependent on the local magnetic 
field, offering a unique probe of fission dynamics 
in thin films and devices (4, //, /2, 16, 17). Al- 
though triplet excitons are dark states, energy may 
be extracted from them if they are dissociated 
into charge. This is possible at a junction between 
pentacene and the fullerene Cg when the pentacene 
is oriented approximately perpendicular to the 
interface (/2). 

The structure of our pentacene-based solar 
cell is shown in Fig. 2A. The core of the device is 
a pentacene/Cgp donor-acceptor junction (4, 12, 18). 
To minimize triplet exciton losses, we used a thin 
pentacene layer and also introduced an exciton block- 
ing layer of regio-regular poly(3-hexylthiophene) 
(P3HT), which was placed between the pentacene 
and the anode. The combination of the wide 
energy gap and 1.5-eV triplet energy (/9) of PSHT 
confines pentacene triplet excitons, and its highest 
occupied molecular orbital (HOMO) of 4.7 eV 
(20) helps extract holes from pentacene. To max- 
imize light absorption, devices were fabricated 
with MgF> antireflection coatings on the front 
surface of the glass substrate (2/). 

The external quantum efficiency (EQE) is de- 
fined as the ratio between the number of electrons 
flowing out of the device and the number of 
photons incident upon it. We measured the EQE 
(Fig. 2B) for a device that features a 15-nm-thick 
pentacene layer. The EQE at normal incidence is 
(82 + 1)% at the peak pentacene absorption 
wavelength 2 = 670 nm. Optical modeling (2/) 
predicts that the internal quantum efficiency (IQE), 
which is defined as the number of electrons col- 
lected per photon absorbed, for photoexcitation of 
pentacene and P3HT is (160+ 10)% and (150+ 10)%, 
respectively. The IQE of pentacene in this struc- 
ture is approximately double that reported pre- 
viously for pentacene (/8, 22), and the high IQE 
of P3HT is consistent with the expected sensi- 
tization of P3HT by pentacene, as singlet exci- 
tons generated in P3HT are transferred to pentacene 
and then split into triplets (23). The peak EQE 
drops to 24% when P3HT is absent. The P3HT 
appears to block triplet diffusion to the anode and 
suppress recombination by improving hole ex- 
traction; see figs. SI] to S3 and accompanying 
text for further discussion of both sensitization 
and the efficiency enhancement due to P3HT. 

The 15-nm-thick film of pentacene in the 
solar cell microcavity absorbs only 49% of the 
incident light at A = 670 nm according to optical 
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modeling; hence, the efficiency should improve 
ifa light-trapping scheme is employed. Therefore, 
we measured the EQE in configurations designed 
to simulate two conventional optical trapping 
schemes. The first scheme mounts the cell at 45° 
to the incident light, with a mirror that directs 
reflected photons back to the device. This con- 
figuration models a sawtooth geometry such that 
incident light bounces at least twice within the 
structure (24, 25). In the second scheme, the in- 
cident angle is reduced to 10° from the normal, 
modeling an optical collector that focuses light 
through a small hole in a mirror held parallel to 
the surface of the cell (26). The peak EQE at 
2. = 670 nm for the solar cell mounted at 45° is 
(102 + 1)%, increasing to (109 + 1)% for incidence 
at 10° from the normal. Both light-trapping schemes 
yield efficiencies that meet or exceed the one 
electron per incident photon benchmark. 

The current-voltage characteristics of the planar 
pentacene solar cell are shown in Fig. 3. The 
short-circuit current measured at AM1.5 matches 
the integrated EQE measured at <1 mW/cm? to 
within 6%, demonstrating that the fission process 
in pentacene is not significantly intensity depen- 
dent. As expected, the enhanced EQE does not 
correspond to a high power efficiency. The open 
circuit voltage is 0.36 V, identical to the values of 
previous pentacene devices (/8). It is defined by 
the pentacene triplet energy of 0.86 eV (3, /4). 
With Ceo as the acceptor, the device absorbs light 
only above the pentacene singlet energy at 1.8 eV. 
Consequently, the power efficiency is (1.8 + 0.1)%. 

Independent confirmation of the high internal 
quantum efficiency within the cell is provided by 
analysis of the photocurrent under a magnetic 
field. The crucial rates are identified in Fig. 1. 
The singlet exciton can either directly dissociate 
into a single electron-hole pair, ks, or undergo 
fission resulting in the generation of two electron- 
hole pairs, k,,(B). In absence of a magnetic field, 
three out of nine triplet-pair states have singlet 
character. Under a high magnetic field (B > 0.2 T), 
the number of triplet-triplet pairs with singlet 
character reduces to two, reducing the singlet fis- 
sion rate, kg(B). The photocurrent yield changes 
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Fig. 3. Current density—voltage characteristic 
of a pentacene solar cell. The solar cell was mea- 
sured under dark (black dashed line) or AM1.5G 
100 mW/cm2 (red line) conditions without optical 
trapping. The power efficiency is (1.8 + 0.1)%. 


if there is effective competition between fission and 
the dissociation of the singlet exciton. It is not pos- 
sible to generate a magnetic field effect on the 
photocurrent yield unless there is a singlet loss 
mechanism that competes with the fission process. 

For convenience, we write kys(B) = X(B) kes 
where x(B) is the modulation of the zero-field 
fission rate k®.. The normalized change in photo- 


fis* 


current in steady state, 5, is then given by Eq. 1: 


1(B) — (0) 
os (0) 


kskts(X — 1) (1) 
(2kfs + As) (xkfs + As) 
where /(B) is the photocurrent as a function of 
magnetic field strength. Dissociation of the sin- 
glet exciton directly into charge is only likely to 
compete with fission for pentacene molecules 
directly adjacent to the acceptor. Indeed, reduc- 
tions in the singlet exciton lifetime of pentacene 
have been observed in very thin pentacene films 
(0.6 monolayer) adjacent to a Cgo layer (/0). 
Thus, we can approximately model pentacene 
films of varying thickness by changing the effec- 
tive rate of singlet dissociation in Eq. 1. 

Analytically, we can solve for x at a given 
value of the magnetic field by noting that the 
magnitude of 6 is maximized when kg = kf./2x. 
This yields Eq. 2: 


— Byax + Bmax + 1 + 2V28 max VSmax + | 


(Smax =i ‘4 


(2) 


The result for x can be used to directly ob- 
tain the triplet yield of singlet fission from 


Fig. 4. Triplet yield and IQE 
as a function of pentacene 
thickness. (A) The magnet- 
ic field—-dependent change in 
photocurrent measured at 
B = 0.4T as a function of 
pentacene layer thickness. 
Square symbols are measured 
in photodetector structures, 
and each pentacene layer is 
sandwiched between Co (blue 
squares) or PTCBI (red squares) 
acceptor films. Measurements 
in the solar cell architecture of 
Fig. 2A are circles. (B) The trip- 
let yield from singlet exciton 
fission as obtained from Eq. 3. 
(C) A comparison of the max- 
imum achievable quantum yield 
determined from the magnet- 
ic field effect (green line) with 
the internal quantum efficien- 
cy as determined from EQE 
measurements and the calcu- 
lated optical absorption. The 
reduction in quantum efficien- 
cy observed in thin layers of 
pentacene is found to origi- 
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the magnetic field modulation in photocurrent 
(Eq. 3): 
2 


(= 8x — 1 (8a +2) ~ 24+ 1) ~ 88x 
7 (8+D(x-1) 


(3) 

To obtain an independent measure of the yield 
of singlet fission, we fabricated multiple devices 
while varying the thickness of pentacene (Fig. 4). 
For thin layers of pentacene (d< 5 nm), we increased 
the optical absorption by using the multilayer 
photodetector architecture (4, 26). Photodetectors 
were measured in reverse bias to improve charge 
extraction. As a test of generality, both Cg and 
3,4,9,10-perylene tetracarboxylic bisbenzimidazole 
(PTCBI) were used as acceptor molecules and 
found to yield similar results. Devices with thicker 
layers of pentacene made use of the same device 
architecture as in Fig. 2. The magnetic field mod- 
ulation of photocurrent at 0.4 T is shown in Fig. 4A. 
It peaks at Snax = —(2.7 + 0.1)% in 2-nm-thick 
layers of pentacene sandwiched between acceptor 
layers. From Eq. 2, we obtain x = 0.85, identical 
to the value assumed in (4) on the basis of tetra- 
cene measurements (27). 

In Fig. 4B, we apply Eq. 3 to transform the 
magnetic field modulation data into the expected 
yield of triplet excitons from singlet fission. We 
find that singlet fission is incomplete in pentacene 
films with thickness d <5 nm, accounting for the 
relatively low IQE in the photodetector structures. 
The triplet yield approaches 200% in thicker 
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nate in incomplete singlet exciton fission. Gray dashed lines are a guide to the eye. 
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films, providing independent confirmation of the 
high IQE calculated for the device structure 
shown in Fig. 2. 

The IQE, as evaluated with optical modeling 
(26), is shown in Fig. 4C and compared to pre- 
dictions based on the magnetic field effect. The 
IQE is suppressed in thin layers of pentacene, 
increases to a maximum for d ~ 15 nm, and then 
is reduced in thicker films. Decreases in IQE for 
thicker films are presumably due to triplet exciton 
diffusion limitations and lower-than-unity charge 
collection efficiency. There are two important con- 
clusions from this IQE comparison. First, the yield 
of singlet fission can be conveniently determined 
directly from the normalized change in photo- 
current under a magnetic field. A high yield is 
characterized by a vanishing modulation of photo- 
current under a magnetic field. Second, singlet fis- 
sion in pentacene requires a relatively thick film to 
minimize losses due to singlet exciton dissociation. 
Fission is not effective in fine-grained blends of 
pentacene and fullerene or perylene-based acceptors. 

The observation of external quantum yields 
exceeding 100% in the visible spectrum repre- 
sents a notable advance in the application of 
singlet fission to solar cells. Next, fission should 
be paired with a low-bandgap material that har- 
vests photons below the singlet exciton energy. 
This could be an organic material (//), inorganic 
semiconductor nanocrystal (/2—/4), or a conven- 
tional inorganic semiconductor (/5). High-quality 


contemporary silicon solar cells show an AM1.5 
efficiency of ~25% (28); singlet fission materials 
such as tetracene or rubrene could be integrated 
with silicon cells to double the photocurrent from 
high-energy solar photons (A < 550 nm), ulti- 
mately boosting the efficiency of the silicon cell 
to more than 30%. 
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Multicompartment Mesoporous Silica 
Nanoparticles with Branched Shapes: 
An Epitaxial Growth Mechanism 


Teeraporn Suteewong,** Hiroaki Sai,* Robert Hovden,? David Muller,** Michelle S. Bradbury,” 


Sol M. Gruner,*>* Ulrich Wiesner*+ 


Mesoporous nanomaterials have attracted widespread interest because of their structural 
versatility for applications including catalysis, separation, and nanomedicine. We report a 
one-pot synthesis method for a class of mesoporous silica nanoparticles (MSNs) containing both 
cubic and hexagonally structured compartments within one particle. These multicompartment 
MSNs (mc-MSNs) consist of a core with cage-like cubic mesoporous morphology and up to four 
branches with hexagonally packed cylindrical mesopores epitaxially growing out of the cubic 
core vertices. The extent of cylindrical mesostructure growth can be controlled via a single 
additive in the synthesis. Results suggest a path toward high levels of architectural complexity 
in locally amorphous, mesostructured nanoparticles, which could enable tuning of different pore 
environments of the same particle for specific chemistries in catalysis or drug delivery. 


esoporous silica materials have attracted 
Meson interest because of their 

versatility in pore structure, surface chem- 
istry, and macroscopic form (particles, coatings, 
or bulk materials) (/, 2). A variety of mesostruc- 
tures have been explored, including hexagonal, 
cage-like cubic, cubic bicontinuous, and platelet 
ordered structures as well as, most recently, do- 
decagonal quasicrystalline structures (3, 4). Meso- 
porous silica nanoparticles (MSNs) are of particular 


www.sciencemag.org SCIENCE VOL 340 


interest owing to their large surface area and pore 
volume, the ability to functionalize their outer 
and/or inner surfaces, and the tunability of their 
pore geometry (5, 6). Multicompartment nanopar- 
ticles have been developed from self-assembling 
designer macromolecules (7—9). Such materials 
have been compared with cells as the paradigm 
for a multicompartment system, in which differ- 
ent units (e.g., nucleus or organelles) have differ- 
ent well-defined functions. In potential drug delivery 
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applications for these materials, each compart- 
ment could be tuned to carry different and incom- 
patible components (7). 

Despite the existing library of geometrical var- 
iations of the silica pore mesostructure, the syn- 
thesis of analogous multicompartment MSNs 
(mc-MSNs) remains a challenge, partly because 
of the lack of growth mechanisms enabling pore 
structure control in different compartments of the 
same particle. Identifying such growth mecha- 
nisms would enable access to locally amorphous, 
mesoscopically ordered nanoparticles with a high 
degree of architectural complexity yet highly con- 
trolled shapes and assemblies. 

The field of solution-grown semiconductor 
nanoparticle synthesis provides a possible clue to 
the creation of such architectures. Such nanopar- 
ticles may have polymorphic atomic structures 
that are epitaxially attached at the interface from a 
core, leading to branched inorganic nanostruc- 
tures with well-defined and characteristic shapes 
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such as tetrapods and dendrimers (/0—/2). Rather 
than epitaxy from atomic structures, mesostruc- 
tural epitaxy exists in mesoporous silica—that 
is, for various cubic lattices as well as between 
Pm3n and two-dimensional (2D) hexagonal lat- 
tices (13—/8). We investigated how such meso- 
structural epitaxy can be used in low molar mass 
surfactant coassembly to generate mc-MSNs with 
branched shapes in which the branches exhibit 
pore geometries different from that of the core, 
based on different mesostructural lattices. 
Highly aminated cubic MSNs with cage- 
like pore structure consistent with Pm3n sym- 
metry were synthesized at room temperature from 
mixed organosilane precursors via a one-pot, 
hexadecyltrimethylammonium bromide (CTAB) 


surfactant-directed sol-gel synthesis, with variations 
in ethyl acetate concentration [EtOAc] (/9-2/). 
When [EtOAc] was increased, mesoporous silica 
branches with hexagonal cylinder pore structure 
grew from specific facets of the cubic MSN cores 
(Fig. 1, A and B). Bright-field transmission elec- 
tron microscopy (BF-TEM) images indicated that 
these two parts or “compartments” of the nano- 
particles have a well-defined structural relation 
when viewed along the [110] zone axis (Fig. 1A). 
Furthermore, some particles possessed multiple 
branches (Fig. 1B). High-angle annular dark-field 
scanning TEM (HAADF-STEM) images of 
mc-MSNs along the [100] zone axis (Fig. 1C) 
showed the characteristic four-fold internal struc- 
ture consistent with the faceted overall particle 


shape. Fast Fourier transform (FFT) patterns of 
the HAADF-STEM image exhibited spots for the 
(110), (200), and (210) planes, consistent with 
Pm3n symmetry (Fig. 1D). Closer inspection of 
the particle in Fig. 1C revealed the corresponding 
characteristic four-fold internal patterns (Fig. 1E). 
Figure 1F depicts the corresponding model sche- 
matic viewed from a similar angle as in Fig. 1C. 
Although the size of micellar pores relative to the 
overall particle is modified in this model to better 
show the internal structure, the external shape of 
the particle in Fig. 1C is consistent with the model 
in Fig. 1F, where the cube is truncated at its corners 
with (111) planes and its sides with (110) planes. 
Occasionally the branches were also observed 
to be faceted along the (1010) planes (fig. S1), 
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Fig. 1. Geometrical description of mc-MSNs. (A) BF-TEM image of a branch 
with hexagonal pore structure emanating from one corner of a core with cubic 
pore structure. (B) BF-TEM image showing two branches emanating from two 
corners of the core. (C) HAADF-STEM image of (100) projection of the core. 
(D) FFT of the entire cubic core part of the image in (C). (E) Magnified image 
of the top right edge of the particle in (Q). (F) Schematics of a model mc-MSN. 
Miller indices for some of the representative facets are provided as a visual 
guide. (G) HAADF-STEM image of a mc-MSN exhibiting the (110) projection of 
the core. (H) Magnified image of the connecting region between the core and 


branch in (G), with red lines and dots indicating projected vacancy positions to 
demonstrate the structural registry/epitaxy. (I) FFT of the cubic core region in 
(G) (green box). (J) FFT of the connected region in (G) (red box). (K to M) 
Model visualization of the epitasial relationship of mesopores at the interface 
of (111) Pm3n cubic and (0001) P6mm hexagonal planes. (K) Unit cell of the 
Pm3n cage-like structure exhibiting body-centered cubic lattice micelles (blue 
spheres) and pairs of micelles on the faces (yellow spheres). (L) (111) plane cut 
of a single unit cell. (M) (111) plane cut of a 2 x 2 x 2 lattice, additionally 
showing the positions of expected hexagonal channels as small red dots. 
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coincident with (110) planes on the core, which 
provided a basis for determining the facets in the 
model. When HAADF-STEM images were ob- 
tained along the [110] zone axis (Fig. 1G) of the 
core, the internal linear pore structure of the branch 
was clearly observed. Figure 1H shows a magni- 
fied image of the connecting region between the 
core and the branch. Red lines representing the cy- 
lindrical pores of the branch are in registry with 
the micellar pores of the core depicted as red dots, 
visually supporting an epitaxial relationship be- 
tween the mesostructures of the two compartments. 

FFT of the core region showed spots corre- 
sponding to the Pm3n peak positions with the 
(110) zone axis (Fig. 11), whereas FFT of the con- 
nected region showed an overlap of sharp (211) 
spots from the cubic lattice and diffuse (10) spots 
from the 2D hexagonal lattice, also consistent 
with an epitaxial relationship between the two 
structures (Fig. 1J). This epitaxial relationship can 
be modeled by a sphere-to-rod transition of mi- 
celles, as illustrated in Fig. 1, K to M. A Pm3n cage- 
like cubic structure can be composed of a body- 
centered cubic arrangement of micelles plus pairs 
of micelles on each cubic face (Fig. 1K). Section- 
ing the unit cell at the (111) plane, each blue micelle 
resides on top of a set of three yellow micelles, 
making a locally layered order (Fig. 1L). Figure 
1M is a top-view schematic showing where the 
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2D hexagonal channels are placed with respect to 
the (111) cubic planes; the hexagonal lattice of 
the blue micelles is in registry with the hexago- 
nally ordered channels, consistent with the obser- 
vations shown in Fig. 1H and highlighted by the 
red lines and dots. 

The relative amount of hexagonal versus cu- 
bic mesostructure could be controlled by in- 
creasing [EtOAc] in the initial mixture (Fig. 2). 
Low-magnification TEM images of MSNs syn- 
thesized from 91, 274, and 457 mM EtOAc (Fig. 2, 
A, D, and G, respectively) show hexagonally or- 
dered branches only at elevated concentrations 
(Fig. 2A shows only cubic MSNs). The length of 
these hexagonally ordered branches increased with 
increasing [EtOAc] (compare Fig. 2, D and G). 
Most of the mc-MSNs synthesized from 274 mM 
EtOAc had short branches with diameters equal 
to or smaller than the core size (Fig. 2D). In the 
sample synthesized from 457 mM EtOAc, these 
branches grew to rods as long as 2 um, often in a 
nonstraight fashion (Fig. 2G). Higher-magnification 
images show that the nanoparticles synthesized 
from 274 mM EtOAc (Fig. 2E) consist ofa branch 
attached to a core with cage-like cubic structure. 
At457 mM EtOAc (Fig. 2H), for most of the rods 
we could not find a core portion, suggesting struc- 
tural transformation from cubic to hexagonal 
mesostructure. 
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Fig. 2. TEM images and SAXS patterns of aminated MSNs synthesized with varying [EtOAc]. 
(A, D, and G) Low-magnification TEM images of MSNs prepared from (A) 91 mM, (B) 274 mM, and (C) 
457 mM EtOAc. (B, E, and H) Higher-magnification TEM images of the MSNs in (A), (D), and (G). (C, F, 
and I) The corresponding SAXS patterns (q denotes the scattering vector magnitude, defined as q = 4 sin 9/A, 


where 26 is the total scattering angle and A is the 


x-ray wavelength). In the SAXS patterns, expected 


peak positions from cubic and hexagonal lattices are indicated by solid and dotted lines, respectively. 


Data for 91 mM EtOAc are adapted from (19). 
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Small-angle x-ray scattering (SAXS) patterns 
(Fig. 2, C, F, and I) of these samples averaging 
over macroscopic material volumes corroborate 
the local TEM observations, in that the relative 
intensities of the peaks consistent with P6mm 2D 
hexagonal symmetry increased at the expense of 
those consistent with Pm3n symmetry. The cubic 
MSN sample synthesized from 91 mM EtOAc 
showed reflections consistent with Pm3n sym- 
metry and a unit cell size of 9.65 nm (Fig. 2C) 
(19). At 274 mM EtOAc, reflections consistent 
with 2D hexagonal symmetry and a unit cell 
size of 4.80 nm were superposed with reflections 
consistent with Pm3n symmetry and a unit cell 
size of 10.5 nm (Fig. 2F). The (211) reflection 
for the cubic lattice coincided closely with the 
(10) reflection for the hexagonal lattice, with 
lattice mismatch of ~3%, corroborating an epi- 
taxial relation between the two lattices. The pore- 
to-pore spacings for the hexagonal branches in 
the mc-MSNs synthesized from 274 mM EtOAc 
were 8% larger than those for purely hexag- 
onal MSNs synthesized in the absence of 
(3-aminopropyl)triethoxysilane (APTES) and were 
3 to 4% larger than those synthesized in the pres- 
ence of varying amounts of APTES (fig. S2) 
(20, 22). On the other hand, the (211) spacing of 
the cubic core was 4.95 nm, indicating that the 
2D hexagonal lattice is stretched to accommo- 
date for the lattice mismatch. At 457 mM EtOAc, 
reflections consistent with Pm3n had almost dis- 
appeared, leaving mostly those consistent with 
2D hexagonal symmetry and a pore-to-pore spacing 
of 4.86 nm (Fig. 21). The increase in spacing as a 
function of [EtOAc] for both cubic and hexago- 
nal structures (fig. S2) is likely associated with 
swelling of the hydrophobic micelle cores with 
EtOAc molecules. 

To establish a structure-property relationship 
for these mc-MSNs, we performed nitrogen sorp- 
tion measurements (Fig. 3). All three samples 
showed characteristic type IV isotherms, with the 
capillary condensation of mesopores occurring at 
nitrogen partial pressure around 0.3. The mc-MSNs 
containing more hexagonal pores (i.e., synthesized 
from higher [EtOAc}) exhibited a sharper meso- 
pore condensation behavior, as reflected in the 
pore size distribution calculated using nonlocal 
density functional theory (NLDFT) (Fig. 3, in- 
set). The cubic MSN showed a broad distribution 
of pore sizes centered at 3.6 nm and extending 
up to 4.5 nm; mc-MSNs with increasing num- 
bers of hexagonal pores exhibited narrower pore 
size distributions centered around 3 to 4 nm. This 
sorption behavior is consistent with the cage-like 
pore geometry with constricted windows between 
the cages in the cubic core and the straight chan- 
nel geometry in the hexagonal branches (23). 

The above trend in MSN structure as a func- 
tion of [EtOAc] sheds light on a possible growth 
mechanism of hexagonal branches emanating from 
the cubic cores. In basic conditions, EtOAc is 
known to hydrolyze over time into ethanol and 
acetic acid, which quenches an equimolar amount 
of base and thus lowers the pH of the reaction 
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mixture (24). At room temperature, the kinetic 
constant of ester hydrolysis is 5.4 liters mol | min ' 
(25). Increasing [EtOAc] from 91 mM to 457 mM 
while keeping the concentration of base (ammo- 
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nium hydroxide and APTES) constant at ~200 mM 
imposes two effects on the solution pH (fig. $3). 
First, it induces an increase in the hydrolysis rate 
and thus in the rate of pH drop. Second, it lowers 


Fig. 3. Nitrogen sorption isotherms of MSNs synthesized with varying [EtOAc]. Isotherms for 
mc-MSNs prepared from 274 mM and 457 mM EtOAc are offset along the y axis by 15 and 30 mmolg, 
respectively (P/Po denotes the nitrogen partial pressure). The inset shows pore size distributions obtained 
from NLDFT calculations based on the respective absorption branches. The models on the right provide a 
direct comparison of the pore structures of hexagonal and cubic lattices. 


Fig. 4. TEM images and models of mc-MSNs with complex meso- 
structures. (A and B) Low-magnification TEM images of mc-MSNs prepared 
from (A) 137 mM and (B) 183 mM EtOAc. (C to G) High-magnification TEM 
images of mc-MSNs in the 183 mM EtOAc batch with (C) one arm, (D) two 
arms, (E) three arms, (F) four arms, and (G) two arms merged into one. 


7 
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time (21). 


the final pH of the solution asymptotically with 
respect to [EtOAc], because the hydrolysis reaction 
slows as the hydroxide ions are quenched. As pH 
decreases below the negative logarithm of the acid 
dissociation constant (pK,) of APTES, the pre- 
dominant state of the amine group of APTES be- 
comes positively charged, which repels against 
the charged head groups of the structure-directing 
CTAB cations. This change in the charge state of 
APTES may induce a structural change in the 
CTAB micelles. Although at high pH some of the 
uncharged APTES molecules can intercalate be- 
tween CTAB head groups, charge repulsion pre- 
vents this swelling at lower pH. The resulting change 
in micelle curvature has been suggested as the main 
factor driving a morphological change from cage- 
like cubic to hexagonal, in agreement with the ob- 
served transition from a cubic core to hexagonal 
branches growing off of this core in the present 
study (23, 26). The room-temperature synthesis 
protocol used here enables fine-tuning of the sol-gel 
kinetics against pH change, providing control over 
the mc-MSN morphology. In energy-dispersive 
spectroscopy—derived elemental maps, we did not 
observe substantial variations in the amine content 
for the cubic versus hexagonal parts of the nano- 
particles (fig. S4), suggesting high inclusion of 
APTES in both cubic and hexagonal pore walls. 

Nucleation of hexagonally mesostructured com- 
partments on the cubic MSN cores can occur on 
multiple facets of the cubic core, most evident 


(H to L) Models corresponding to the images in (C) to (G). Cores are shown 
as green truncated cubes; branches are represented as gray columns. (M) 
Low-magnification TEM image of mc-MSNs where additional silane pre- 
cursors (one-half of the initial amount) were injected after 30 min of aging 
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at intermediate [EtOAc]. At 137 mM and 183 
mM EtOAc, although most particles still showed 
only one branch per core, a fraction had one, 
two, three, and even four branches (Fig. 4, A and 
B). Close TEM examination of these mc-MSNs 
revealed that the angles at which the hexagonally 
structured branches grew were in agreement with 
models in which hexagonal branches grow in 
(111) directions off of the core, consistent with 
the epitaxial relationship (compare TEM images 
with corresponding models in Fig. 4, C to F and 
Hto K, respectively). No MSN with more than four 
branches was observed in our samples, although we 
did observe some mc-MSNs in which hexagonal 
branches that grew in two distinct directions merged 
into one branch with a large diameter (compare 
TEM image with model in Fig. 4,G and L). Ona 
truncated cubic structure, there are eight (111) 
equivalent surfaces corresponding to the number 
of cube vertices, giving eight equivalent sites for 
hexagonal branches to form and grow. As a par- 
ticular branch grows, it may deplete the available 
silica in its direct vicinity, thus preventing growth of 
another branch next to it. This is one possible ex- 
planation for why the vast majority of observed 
branches had grown on non-nearest (111) core sur- 
faces and why the maximum number of branches 
observed was only four. We further hypothesize 
that when two nearest neighboring sites nucleate 
hexagonal branches, geometrical crowding joins 
the neighboring nuclei as they grow. Such merging 
and overgrowth of hexagonal rods also reduces the 
number of rods per particle and increases the rod 
diameter relative to the core particle size. This 
may be what leads to the observed structures in 
the 457 mM EtOAc sample (Fig. 2G). 


Finally, to access higher-level architectures, we 
performed mc-MSN syntheses in a two-step fashion 
by adding further monomers at different time points 
of the reaction (2/). The TEM results in Fig. 4M, 
displaying a high number of dimers (two cubes) and 
trimers (three cubes) connected via bridges, are en- 
couraging. They suggest that further tuning of reac- 
tion conditions holds promise for achieving even 
more complex architectures—for example, through 
switching back and forth between cubic-to-hexagonal 
and hexagonal-to-cubic transitions—similar to what 
has been observed for semiconductor nanoparti- 
cles or colloids with valence (//, 27). 
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The circum-Antarctic Southern Ocean is an important region for global marine food webs and carbon 
cycling because of sea-ice formation and its unique plankton ecosystem. However, the mechanisms 
underlying the installation of this distinct ecosystem and the geological timing of its development 
remain unknown. Here, we show, on the basis of fossil marine dinoflagellate cyst records, that a 
major restructuring of the Southern Ocean plankton ecosystem occurred abruptly and concomitant with 
the first major Antarctic glaciation in the earliest Oligocene (~33.6 million years ago). This turnover 
marks a regime shift in zooplankton-phytoplankton interactions and community structure, which 
indicates the appearance of eutrophic and seasonally productive environments on the Antarctic margin. 
We conclude that earliest Oligocene cooling, ice-sheet expansion, and subsequent sea-ice formation 
were important drivers of biotic evolution in the Southern Ocean. 


ong-term cooling during the middle and 
| late Eocene [~49 to 34 million years ago 


(Ma)] led to the inception of continental- 
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scale glaciation of Antarctica during the Eocene- 
Oligocene Transition (EOT, 34 to 33.5 Ma) (/, 2). 
The EOT culminated in a pronounced positive 
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Fig. 1. Antarctic topography [modified after (33), maximum topography modell], circum-Antarctic paleo- 
geography at 34 Ma (34) and the location of sites considered in this study. Light blue areas represent shelf 
environments; green areas represent Antarctic lowland areas. The black circle indicates 60°S. 


Hole U1356A 


continental-scale glaciation of Antarctica at Oil 
includes the appearance of ice-rafted debris and 
physically weathered clay minerals at sites along 
the Antarctic margin (5, 6). Numerical climate 
model simulations suggest that partial to full- 
scale glaciation of Antarctica occurred after a re- 
duction in atmospheric CO, concentrations and a 
series of low-amplitude orbital variations in solar 
insolation that resulted in relatively cool austral 
summer temperatures (7). Such conditions, as 
well as continental ice, were also likely required for 
seasonal sea-ice formation (7). As a consequence, 
the establishment of Antarctic glaciation should 
have substantially impacted circum-Antarctic 
Southern Ocean ecosystems, and associated bi- 
otic changes are potentially reflected in the fossil 
record in conjunction with the Oil climate event. 

The present-day circum-Antarctic seas are 
home to distinct plankton communities that are 
characterized by a high degree of endemism and 
high seasonal productivity as a result of steep 
seasonal gradients in temperature, salinity, light 
availability, and nutrient concentrations associated 
with sea-ice cover (8, 9). Diatoms and Phaeocystis 
(unicellular, eukaryotic photosynthetic algae) are 
the dominant primary producers of these com- 
munities (9, 70). Whereas the latter does not pre- 
serve in the geological record, fossil diatom 
skeletons composed of silica are routinely used to 
reconstruct Antarctic sea-ice history for the recent 
past (//). However, diatom-based sea-ice recon- 
structions for the Eocene-Oligocene time interval 
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Fig. 2. The Eocene-Oligocene section recovered in IODP hole U1356A (A) 
and the lower Oligocene section from IODP hole U1360A (B). A shift in clay 
mineralogy in the lowermost Oligocene of site U1356A indicates the initiation 
of a physical (i.e., glacial) weathering regime. The uniformity coefficient of 
grain size—a measure of the sorting of the sediments, with large numbers 
(>4) indicating poorly sorted sediments—increases episodically in the lower 
Oligocene, suggesting glacial activity. The magnetostratigraphic interpreta- 
tions are derived from (19) and as presented in the supplementary text; gray 
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Dinocysts typically 
recorded in the Eocene 


dinocysts 


areas indicate uncertain magnetic polarity. Lower to middle Eocene dinocyst 
assemblages are diverse (expressed by number of genera), with subtropical 
components (Apectodinium) and autotrophic (gonyaulacoid taxa) and Eocene 
heterotrophic (peridinioid dinocysts) representatives (supplementary text). We 
consider the majority of non-protoperidiniacean dinocysts in the lower Oligocene 
succession reworked (translucent colored bars; see also supplementary text). 
Photomicrographs of typical Eocene and Oligocene dinocyst taxa are depicted in 
the lower right corner. 
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are hampered by poor diatom preservation in Ant- 
arctic margin sediments as well as the poorly 
resolved paleoecology of many fossil taxa (/2). 
Therefore, other microfossil groups must be used 
to investigate the timing of the installation of 
these ecosystems and how the development of 
Antarctic plankton communities was linked to 
cooling and glaciation in the geological past. 
Although dinoflagellates are not a major group 
in terms of biomass, many heterotrophic species 
are abundant in the areas of high seasonal produc- 
tivity in the modem Southern Ocean (/3, /4) (sup- 
plementary text) and are closely associated with 
primary algal producers, including diatoms (/3). 
Fortunately, many dinoflagellate taxa also produce 
distinct organic fossilizable cysts as part of their 
life cycle, and these dinocysts are preserved in high- 
latitude sedimentary sequences. In the Eocene, be- 
fore the onset of Antarctic glaciation, dinocysts are 
found in great diversity and have been used to re- 
construct environmental change in high-latitude en- 
vironments (/5, /6). Hence, dinocyst assemblage 
analysis of sediment cores is a valuable tool for 
evaluating circum-Antarctic plankton ecosystem 
change across the EOT. Yet, such evaluation has 
been previously hampered by the absence of well- 
dated records from the Antarctic margin. 
Integrated Ocean Drilling Program (IODP) Ex- 
pedition 318 recovered a Paleogene succession 
of marine sediments off Wilkes Land, East Ant- 
arctica (17). Deep-marine sediments spanning 
most of the Oligocene were recovered at IODP 
site U1356 on the continental rise, whereas shallow- 
marine sediments of early Oligocene age were 
recovered at IODP site U1360 (Fig. 1). In IODP 
hole U1356A, a hemipelagic succession of Oli- 
gocene claystones and siltstones was recovered 
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between 894.68 and 422.19 m below the sea 
floor (mbsf). The base of this section is approx- 
imately correlative to the Oil event, as indicated 
by the presence of the marker dinocyst Malvinia 
escutiana (18) and the identification of magneto- 
chron C13n (79). An ~12-million-year-long hiatus 
separates the middle Eocene and lower Oligocene 
sections at Site U1356 (supplementary text) (/9). 
This hiatus marks a change from clay mineral 
assemblages dominated by kaolinite and smec- 
tite, which formed under relatively warm and 
humid conditions, to abundant chlorite and illite 
group minerals, which are indicative of physical 
weathering by glacial and periglacial processes 
(77). In hole U1360A, clast-bearing glaciomarine 
sediments were recovered between 54 and 23 mbsf 
(Fig. 2). These strata were deposited between 
~33.6 and ~32 Ma (supplementary text, and they 
span or immediately postdate Oil (77, 19). We 
generated dinocyst assemblage and sedimento- 
logical and geochemical data from holes U1356A 
and U1360A that document the environmental 
and ecosystem evolution on the Wilkes Land 
margin associated with the establishment of the 
Antarctic cryosphere (20). These data are com- 
plemented with qualitative information derived 
from pyritized siliceous microfossils [e.g., diatoms 
(supplementary text)] and supporting dinocyst as- 
semblage data from five additional Southern Ocean 
drillcores that span the EOT (figs. S2, S4, and S5 
and supplementary text). 

At continental rise site U1356 (Fig. 1), early 
and middle Eocene (53 to 45 Ma) dinocyst as- 
semblages are highly diverse and are composed 
of both auto- and heterotrophic dinoflagellate 
taxa (Fig. 2). In sharp contrast, earliest Oligocene 
assemblages at sites U1356 and U1360 are low in 
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Fig. 3. Summary of the relative abundance of protoperidiniacean dinocysts at circum-Antarctic 
drill sites. The deep-sea oxygen isotope record is after (4), and Oi1 marks the final large oxygen isotope 
shift of the EOT (gray band). Large specimens of S. cf. antarctica) and M. escutiana occur from Oil 
onward. If no bar is indicated, there is no sedimentary record for that time interval. Protoperidiniacean 
dinocysts abundant in the Upper Eocene of ODP site 1172 solely comprise Brigantedinium spp. and are 
likely related to oceanic upwelling conditions at this location (35) (supplementary materials). 
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diversity and overwhelmingly dominated by cysts 
of Protoperidiniaceae, a family of exclusively 
heterotrophic cyst-producing dinoflagellates (2/). 
Among the early Oligocene protoperidiniacean 
dinocysts, specimens closely resembling the mod- 
ern Selenopemphix antarctica [here referred to as 
S. cf. antarctica are recorded in low-to-moderate 
abundance (2 to 20%). S. antarctica is the dom- 
inant dinocyst taxon in the modern seasonal sea- 
ice zone of the Southern Ocean (supplementary 
text) (22, 23). At site U1356, the first appearance 
of dominant Protoperidiniaceae is accompanied 
by sedimentological indications of glacial activ- 
ity, such as the deposition of outsized clasts (/7), 
and increased sedimentary grain-size uniform- 
ity (Fig. 2). Furthermore, this assemblage shift is 
accompanied by an increase in the abundance 
and diversity of pyritized siliceous microfossils at 
site U1356, reflecting elevated primary productiv- 
ity (supplementary text). 

In order to determine whether the distinctive, 
low-diversity protoperidiniacean dinocyst assem- 
blages occurred widely around Antarctica and 
whether the success of this plankton group was 
directly linked with glacial expansion in the ear- 
liest Oligocene, we also investigated dinocyst as- 
semblages from three other sediment cores at sites 
positioned close to the Antarctic margin (Fig. 3). 
We used the first occurrence (FO) of M. escutiana 
as a marker for the correlative level of Oil (78). 
At Ocean Drilling Program (ODP) site 739 in 
Prydz Bay (Fig. 1), relatively diverse high-latitude 
assemblages with small Protoperidiniaceae in low 
abundance characterize the upper Eocene interval 
(fig. S4). These are replaced by dominant Proto- 
peridiniaceae, including S. cf: antarctica, at the level 
correlative to Oil, where biogenic silica (i.e., diatom) 
concentrations also significantly increase (fig. S4). 
A telatively complete Eocene-Oligocene succes- 
sion was recovered at ODP site 696 in the Weddell 
Sea (Fig. 1). There, the early late Eocene interval is 
also characterized by relatively diverse high-latitude 
assemblages with abundant (>20%) small Proto- 
peridiniaceae (fig. S5). At the EOT, the Proto- 
peridiniaceae (including S. cf. antarctica) become 
dominant. At Cape Roberts Drilling Project site 
CRP-3 in the Ross Sea (Fig. 1), dinocysts are scarce 
and poorly preserved across the EOT interval (24). 
Further up-section (above 190 mbsf), however, 
well-preserved assemblages are present and in- 
clude M. escutiana, implying an earliest Oligocene 
age, and dominant Protoperidiniaceae, similar to 
the assemblages recorded at the other circum- 
Antarctic sites (supplementary text). 

To assess whether biotic turnover across the 
EOT was indeed restricted to the circum-Antarctic 
regions, we also considered time-equivalent 
lower Oligocene successions from ODP sites 1128 
(Australian Bight), 1168 (west of Tasmania), and 
1172 (East Tasman Plateau), which are located more 
distally from the Antarctic margin in the Southern 
Ocean. All early Oligocene assemblages at these 
sites are devoid of protoperidiniacean dinocysts 
(supplementary text). Instead, they are character- 
ized by relatively diverse dinocyst assemblages that 
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were produced by autotrophic dinoflagellates (sup- 
plementary materials). Late Eocene assemblages 
at site 1172 nonetheless contain abundant proto- 
peridiniacean dinocysts (Fig. 3); however, these 
protoperidiniacean taxa exclusively comprise 
the genus Brigantedinium and are interpreted to 
indicate strong oceanic upwelling (23). The ab- 
sence of the typical Protoperidiniaceae at these 
sites illustrates that the appearance of near- 
modern Antarctic dinocyst assemblages at Oil 
was geographically restricted to areas close to the 
Antarctic margin (Fig. 3). 

There are several possible explanations for 
the distinct shift in dinocyst assemblages across 
Oil at sites around the Antarctic margin. First, 
modern protoperidiniacean dinocyst taxa include 
cosmopolitan generalist heterotrophs that are abun- 
dant in a wide array of environments, such as del- 
taic (25) and open-ocean upwelling settings (26). 
Hence, the abrupt occurrence of protoperidiniacean 
dinocysts may have been connected with high pri- 
mary productivity resulting from invigorated vertical 
mixing associated with intensified polar easterly 
wind fields after the emplacement of the Ant- 
arctic ice sheet (7). This mechanism would have 
primarily contributed to high abundance of het- 
erotrophic Protoperidiniaceae in the modern-day 
domain of the Antarctic Circumpolar Current (22) 
and therefore fails to explain why Protoperidiniaceae 
became particularly abundant at Antarctic shelf sites. 
It also fails to explain why non-protoperidiniacean 
heterotrophic taxa that were already abundant in 
the Eocene Southern Ocean (/6) did not prolifer- 
ate, particularly at ODP site 1168. Second, a tran- 
sient increase in nutrient availability in shelf 
waters caused by enhanced continental erosion 
during the Oil glacial expansion (27) could have 
contributed to high productivity and the succes- 
sive appearance of the heterotrophic dinoflagel- 
late communities around Antarctica. However, 
this scenario does not account for the dominance 
of protoperidiniacean communities during subse- 
quent glacial-interglacial cycles after Oil. These 
cycles would have likely been characterized by 
highly variable nutrient input to Antarctic shelf 
waters on orbital (20 to 400 thousand years) time 
scales, resulting in pulsed abundance distributions 
of protoperidiniaceans; we instead record stable 
protoperidiniacean-dominated assemblages through- 
out the early Oligocene. 

Modern Antarctic phytoplankton communities 
are adapted to seasonal sea-ice conditions, either 
as plankton in the upper surface waters, ice- 
dwelling extremophiles occupying brine channels 
and pockets, or attached subice communities 
(8, 9). During the spring sea-ice melt, accumu- 
lated nutrients are released from the ice into the 
surrounding melt zone, resulting in a nutrient- 
rich shallow mixed layer that stimulates intensive 
and relatively short-lived blooms of primary pro- 
ducers (8—/0). By analogy to the modern ecosys- 
tem, and considering an abrupt regional increase 
in siliceous sedimentation at Southem Ocean sites 
across Oil (28) and increased abundance and 
diversity of pyritized siliceous microfossils at site 


U1356 (supplementary text), we conclude that 
seasonal blooms of phytoplankton initiated in the 
circum-Antarctic seas. This third scenario, in- 
volving an abrupt shift to high seasonal primary 
productivity associated with the development 
of seasonal sea ice, provides the most consistent 
explanation for the abundant appearance of 
protoperidiniacean dinocysts at Oil. This mech- 
anism is in agreement with numerical climate 
models simulations indicating that sea-ice forma- 
tion along Antarctic margins may have followed 
full-scale Antarctic glaciation (7). Therefore, we 
propose that seasonal sea-ice formation was a crit- 
ical factor in the early Oligocene reorganization 
of Antarctic plankton ecosystems. 

Although the overall annual primary produc- 
tivity in the modern sea-ice zone is generally 
low compared with other regions of the Southern 
Ocean (29), it does provide a highly concentrated 
and seasonal food source for grazers. This is il- 
lustrated by the pivotal role that high seasonal 
productivity associated with sea-ice conditions 
plays in the life-cycle of Antarctic krill (Euphausia 
superba) (30), a zooplankton group that sustains 
higher trophic level organisms in the Southern 
Ocean food web. The ecological response to Ant- 
arctic cryosphere development in the early Oli- 
gocene, as recorded by the rise to dominance of 
Protoperidiniaceae, may thus have been an im- 
portant driver of niche differentiation, affecting 
many biotic groups. Indeed, molecular clock studies 
reveal important evolutionary events at higher 
trophic levels, such as the genetic divergence 
between baleen and toothed whales and the orig- 
ination of extant penguins during the Eocene- 
Oligocene time interval (37, 32). We consequently 
infer that the pervasive environmental changes 
related to Antarctic glaciation in the early Oli- 
gocene, including sea-ice formation and a shift 
to intense seasonal primary productivity patterns, 
led to the concurrent rise of new plankton com- 
munities in Antarctic shelf waters and set the stage 
for major evolutionary turnover in metazoans. 
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Global Charcoal Mobilization from 
Soils via Dissolution and Riverine 
Transport to the Oceans 


Rudolf Jaffé,**t Yan Ding,” Jutta Niggemann,” Anssi V. Vahatalo,?* Aron Stubbins,® 
Robert G. M. Spencer,° John Campbell,’ Thorsten Dittmar?*¢ 


Global biomass burning generates 40 million to 250 million tons of charcoal every year, part 

of which is preserved for millennia in soils and sediments. We have quantified dissolution products 
of charcoal in a wide range of rivers worldwide and show that globally, a major portion of the 
annual charcoal production is lost from soils via dissolution and subsequent transport to the ocean. 
The global flux of soluble charcoal accounts to 26.5 + 1.8 million tons per year, which is ~10% 
of the global riverine flux of dissolved organic carbon (DOC). We suggest that the mobilization 
of charcoal and DOC out of soils is mechanistically coupled. This study closes a major gap in the 
global charcoal budget and provides critical information in the context of geoengineering. 


harcoal, or black carbon (BC), is a molec- 
( ularly diverse organic product of incom- 

plete combustion of biomass and fossil 
fuels (J—3). It is ubiquitous in the environment, 
where it slowly decomposes (4), but part of it 
is preserved for thousands of years (5). Global 
biomass burning generates an estimated 40 to 
250 mega—metric tons (MMT) of BC per year (6) 
(MMT = 10!” grams), and 5 to 40% of total soil 
organic carbon (OC) is estimated to be BC (7-10). 
The global BC stock in sediments, soils, and 
waters combined is 300 to 500 giga—metric tons 
of carbon (//). BC has been considered as extra- 
ordinarily stable in the environment. However, 
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current production rates exceed estimates of de- 
composition rates. According to this mismatch, 
there should be more BC than total OC in soils 
(12, 13). This paradox indicates that a relatively 
labile BC pool must exist, allowing for consid- 
erable losses from soils. Measurements of BC 
age in boreal forest soils of ~652 years (/4) agree 
with reported BC degradation rates on centennial 
time scales (//, 15, 16), suggesting that microbial 
degradation and erosion of BC may be more 
substantial than previously believed. A meta- 
analysis of the current knowledge on BC deg- 
radation in soils (4) indicates turnover times of 
less than 100 years. Alternatively, multiple pools 


woe 


St. Lawrence Danube 


GCE LTER 


\ 


KX Paraiba do Sul River 


eo 


Parana 


Yenisei L 
a) ie 


iS fem, < 
_ Reebectitlaletaiabe 


Wooramel River — 


Okavango Delta 


REPORTS ft 


of BC were suggested in the same study (4), with 
about half of the BC turning over in 3 years, 
whereas the other half may persist in soils over 
millennia. This range of reactivity is probably a 
function of charring temperature and source ma- 
terial, but also, environmental factors such as soil 
properties and fauna play a role in BC decom- 
position (4, 77, 18). In addition to complete 
oxidation into CO, and particle erosion (/9), BC 
can also be mobilized from soils in dissolved form 
as dissolved BC (DBC) (//, 20-23). A recent 
study showed that even decades after major slash 
and burn, DBC was efficiently mobilized in large 
quantities from the soils of a former tropical for- 
est biome in Brazil (2/). The fact that >2% of the 
marine dissolved OC (DOC) pool has a heat- 
induced molecular signature (24) also points to- 
ward considerable fluxes of DBC from land to 
ocean. If BC dissolution in soils is an important 
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Fig. 1. Map of global freshwater DBC sampling sites. Black stars indicate major world rivers, and white stars indicate all other sites, including minor to 
intermediate rivers and wetland-associated streams, including Long-Term Ecological Research (LTER) sites. BNZ, Bonanza Creek; KNZ, Konza Prairie; HBR, 
Hubbard Brook; CWT, Coweeta; GCE, Georgia Coastal Ecosystems; FCE, Florida Coast Everglades. 
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translocation process in terrestrial systems, the 
transfer of this material to marine environments may 
be critical in establishing global mass balances 
for BC. However, few data on DBC loads are 
available for rivers (2/, 23), and this quantita- 
tive information is too limited to reliably estimate 
land-ocean fluxes on a global scale. 

The objective of this study was to provide an 
estimate of the global flux of DBC from land to 
ocean through rivers. For this purpose, we deter- 
mined the concentration of DBC in rivers glob- 
ally (Fig. 1) across a wide range of sizes, from 
major rivers to headwater streams and wetland 
watersheds, and geographically from the Arctic 
to the southern midlatitudes. 

DBC was determined on a molecular level as 
the sum of polycyclic aromatic carbon (25). This 
polycyclic aromatic fraction forms at the highest 
temperatures (7) and is among the most stable 
components of charred biomass. It is also the 
fraction of BC that is found dissolved throughout 
the deep ocean (24). The limitation of our ana- 
lytical window to polycyclic aromatic carbon 
implies that the global DBC flux calculations 
reported here are conservative underestimates and 
comprise a lower limit of the actual fluxes. We 
studied 174 freshwater samples in order to assess 
the average and variability of DBC and DOC 
concentrations on a globally representative scale. 
Sampling was not necessarily intended to resolve 
seasonal or site-specific features, such as climate, 
elevation, or vegetation. Replicate samples from 
the same locations and season were averaged so as 
to avoid domination of the statistics by only a few 
sampling locations, thus reducing the overall data 
set to 109 data points. Each data point represents a 
distinct main stem, tributary, wetland system, or 
season from 27 different river systems and wet- 
lands. These samples include 15 of the largest rivers 
worldwide, such as the Amazon, Congo, and ma- 
jor Arctic rivers. We appended the data set with 
results from previous case studies (20-22). 

The DBC concentrations varied strongly among 
the freshwater systems, ranging from 1.94 x 10 ° 
to 2.77 mg carbon liter ' (average + SD of 0.48 + 
0.55 mg carbon liter '). DBC comprised from 
0.1 to 17.5% of DOC (average + SD of 7.1 + 
3.6%). Despite this apparent variability, DBC and 
DOC concentrations were highly correlated [cor- 
relation coefficient (r*) = 0.88, n = 109 data 
points, P < 0.0001]. Recent case studies that 
examined the relationship between DOC and 
DBC (20-22), as well as soil BC and soil organic 
matter (/0, 26), are consistent with our observa- 
tion. Because our DOC and DBC concentrations 
were not normally distributed, we grouped the 
samples according to their DOC concentrations 
into 15 groups for further statistical analysis (Fig. 
2). The slope of the resulting regression indicates 
that the global DOC pool contains 10.6% DBC 
(+0.7%, on a 95% confidence level, n = 15 DOC 
concentration groups). The intercept of the regres- 
sion was not significantly different from zero. If 
the original ungrouped data are used for the re- 
gression, the resulting slope and intercept are 


statistically not different from the grouped data, 
but the estimates for the error margins (confi- 
dence intervals) are lower because of the higher 
number of data points (n = 109 data points). The 
major world river samples followed the regres- 
sion of the whole data set, suggesting that nat- 
ural integration occurs in big watersheds. 

We took advantage of this highly significant 
relationship between DBC and DOC concentra- 
tions to convert published data for global river 
loads of DOC into DBC loads. The estimated 
annual DBC flux from land to ocean is about 
26.5 + 1.8 MMT of carbon per year, based on a 
flux of riverine DOC of 250 MMT of carbon per 
year (27). The global DOC flux contains consid- 
erable margins of uncertainty. As refinements 
of global DOC flux estimates become available, 
updates on global DBC fluxes can be easily made 
on the basis of the observed relationship between 
DOC and DBC. 

Although a wide range of variability among 
individual rivers was observed as expected, the 
global linear relationship between DOC and DBC 
concentrations appears enigmatic on a first view. 
It suggests that the diagenetic processes driving 
the release of DOC and DBC from soils are re- 
lated. The close coupling between DBC and DOC 
fluxes indicates that the release and subsequent 
sorption and desorption processes of DBC are a 
complex function of environmental factors and 
soil properties, just as for bulk DOC. The aging 
of BC in soils seems critical in facilitating its 
transfer to the aqueous phase (2/, 22, 28). During 


aging, the condensed aromatic ring structures of 
charcoal are functionalized over time with hy- 
droxyl and carboxylic groups on their periphery 
(11, 29), conferring them not only some limited 
aqueous solubility but also binding capacities to 
mineral surfaces in soil (/0, //). As an alternative 
explanation, DOC could be directly involved 
in the physical translocation process of soil BC 
to DBC. As for hydrophobic organic pollutants, 
the presence of dissolved organic matter may 
serve as a mobilizing agent through hydrophobic 
interactions. 

According to our data, it is clear that DBC is 
globally ubiquitous in freshwater environments. 
Approximately 26.5 MMT carbon of DBC enter 
the oceans every year, which is in the same order 
of magnitude as the estimated range of the an- 
nual production of BC from vegetation fires (40 
to 250 MMT carbon year! of BC) (6). Although 
other soil processes—such as microbial oxida- 
tion, sorption of DBC on aquifer materials, ero- 
sion, and reburning—also may contribute to the 
loss of soil BC, our study shows that DOC is an 
important environmental intermediate for both 
transfer and storage of BC. With continued anthro- 
pogenic perturbations to watersheds (such as slash- 
and-burn agriculture) and global climate change 
impacts (such as permafrost thaw) leading to an 
increase in terrestrial DOC export from land to 
the oceans, the flux of DBC is expected to in- 
crement equivalently. Bio-char applications to soils 
have been proposed as an effective means of car- 
bon sequestration (30). This activity may further 
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Fig. 2. DBC versus DOC concentrations of global rivers. The regression parameters are for the 
average values of 15 DOC concentration groups (crosses). Raw data regression yields the same slope and 
intercept, but the confidence intervals are smaller because of the larger number of samples. 
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enhance the translocation and export of DBC to 
marine systems. The environmental consequences 
of this are presently unknown but may be re- 
flected in the reduction of DOC bioavailability 
and associated effects on microbial loop dynam- 
ics and aquatic food webs. Our data suggest that 
we apply our existing knowledge on DOC produc- 
tion, storage, and movement in soils to ensure 
that biochar applications are implemented sus- 
tainably and managed in ways to minimize riv- 
erine DBC fluxes. 
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Resilience and Recovery of 
Overexploited Marine Populations 


Philipp Neubauer,’* Olaf P. Jensen,” Jeffrey A. Hutchings,” Julia K. Baum* 


Recovery of overexploited marine populations has been slow, and most remain below target 
biomass levels. A key question is whether this is due to insufficient reductions in harvest rates 
or the erosion of population resilience. Using a global meta-analysis of overfished stocks, we 
find that resilience of those stocks subjected to moderate levels of overfishing is enhanced, 

not compromised, offering the possibility of swift recovery. However, prolonged intense 
overexploitation, especially for collapsed stocks, not only delays rebuilding but also substantially 
increases the uncertainty in recovery times, despite predictable influences of fishing and life 
history. Timely and decisive reductions in harvest rates could mitigate this uncertainty. Instead, 
current harvest and low biomass levels render recovery improbable for the majority of the 


world’s depleted stocks. 


ecovery of overexploited marine popula- 
Re: would be a “win-win” outcome for 
fisheries and conservation, easing pres- 
sure on wild populations and associated ecosys- 


tems (/—3), and ultimately enhancing catches, 
revenues, and food security (4-6). Recognizing 
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the global importance of recovery, the United 
Nations (UN) 2002 World Summit on Sustain- 
able Development proposed that global fisheries 
be rebuilt to maximum sustainable yield (MSY) 
levels by 2015 (5, 7). Echoing this call, several 
countries, including Australia and the United 
States, mandated rebuilding in their fisheries leg- 
islation. In Europe, a proposed new Common 
Fisheries Policy (CFP) aims to rebuild fisheries 
to MSY levels by 2020 (8). Although exploitation 
rates have been reduced and population declines 
halted in some regions (9, /0), stock biomass 
remains below that of maximum sustainable yield 
(Busy) for the majority of commercially exploited 
fishes (6, 10, 11). By 2010, only ~1% of global 
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stocks requiring rebuilding had been successfully 
rebuilt (9), suggesting that the UN’s 2015 recov- 
ery target will not be met (5). Here, we empiri- 
cally examine the time frames needed to recover 
the world’s depleted stocks. 

Fisheries operate in complex systems, and the 
factors driving recovery remain uncertain. Sim- 
ple theoretical models predict that most over- 
fished stocks should recover to Bysy in less than 
a decade if fishing mortality is sufficiently re- 
duced (/2). The slow recovery of some popula- 
tions, however, has led to increased investigation 
of their resilience to overfishing (/3, /4). Allee 
effects (13, /5), reduced productivity attributable 
to adverse environmental conditions (/6, /7), and 
the evolution of life-history traits caused by high 
fishing mortality (78, 19) have been proposed 
as causes of impaired recoveries. Although such 
effects may be identifiable retrospectively [e.g., 
(20)], it remains unclear whether recoveries are 
predictable, given these potentially adverse ef- 
fects of long-term exploitation and altered eco- 
system states. 

To gain insight into the recovery process, we 
investigated the importance of fishing mortality 
relative to life history, exploitation history, and 
other hypothesized drivers of recovery for 153 
marine fish and invertebrate stocks for which 
stock assessments indicated that population bio- 
mass had declined below half of Busy (table S1) 
(/1, 21). We modeled recovery times—the num- 
ber of years between depletion (B < 0.5 Bysy) 
and recovery to Byysy—for 184 depletion events, 
using a Bayesian regression model based on 
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stochastic population dynamics. Our models in- 
corporate survival analysis methods to accom- 
modate the “censored” nature of the data for stocks 
whose recovery is incomplete (22). From these 
models, we predict expected recovery times, quan- 
tify their uncertainty, and determine conditions 
under which population resilience is compromised. 

Recovery is a multifaceted process. Our mod- 
els reveal that it is driven not only by the minimum 
relative biomass to which stocks are depleted 
(B/Busy), their relative fishing mortality during 
recovery (F/F sy), and their intrinsic rate of in- 
crease (r), but also by their exploitation history— 
the interplay between how long and how hard 
stocks are fished before their depletion (Fig. 1). 
On their own, exploitation time (the time be- 
tween the development year of a fishery and its 
year of depletion) and historic fishing intensity 
(the long-term average relative fishing mortality 
during this time) are positive influences, short- 
ening recovery time (Fig. 1). The interaction of 
these two variables (exploitation history) is, how- 
ever, negative. Although particularly intense ex- 
ploitation histories (e.g., 6F sy) may thus slow 
recoveries (Fig. 2, A and C), moderate levels of 
overexploitation before depletion (e.g., 2Fusy) 
appear to enhance the resilience of stocks to such 
harvest regimes, resulting in shorter rebuilding 
times once they are depleted (all else being equal) 
(Figs. 1A, 2, A and C, and 3A). 

Our results are consistent with the hypothesis 
that moderate overexploitation can generate life- 
history changes, which increase r to a value 
greater than that of a population that has not 
adapted to overfishing. Plastic and evolutionary 
changes in maturation schedules appear to com- 
pensate for initial losses in spawning output 
caused by selective removal of relatively large, 
fecund individuals (22, 23) and thus increase 
resilience to overfishing (22). These changes 
are, however, relatively slow and likely scale with 
applied fishing pressure and duration (22-24). 
Stocks that are depleted over a relatively short 
time (e.g., <30 years) through moderate over- 
fishing thus exhibit substantially slower and less 
predictable recovery rates than those that ex- 
perienced a long history of overfishing (e.g., 
>50 years) at the same moderate rate before de- 
pletion (Fig. 2A). The former may occur for deple- 
tions that are caused at least partly by adverse 
environmental regimes and/or for overfished pop- 
ulations that had insufficient time to adapt to 
fishing regimes. 

Although our analysis also provides some evi- 
dence that intense long-term overfishing eventu- 
ally impedes resilience, such negative effects are 
predicted to manifest only at extremely high and 
sustained fishing mortalities, which occur rarely 
in our data (Fig. 3A and fig. $1). This empirical 
result is consistent with recent theoretical studies 
suggesting that maladaptive effects of fishing are 
likely slow to manifest and may have limited 
negative effect on recovery to Busy levels (22). 
Nonetheless, the altered phenotypic and geno- 
typic composition resulting from continued over- 


exploitation might be undesirable for reasons 
other than recovery per se, such as increased var- 
iability in biomass trends and decreased resil- 
ience to adverse environmental conditions that 
may compromise long-term productivity of these 
populations. 

We find that recovery is generally predictable 
and achievable within a decade for stocks with 
average exploitation histories (i.e., historic fish- 
ing intensity ~2.3 sy and exploitation times 
>30 years) and intrinsic rates of increase (r = 
0.43) if fishing mortality is rapidly reduced below 
Fusy once stocks fall below 0.5Bmsy and col- 
lapse (B <0.2Busy) is avoided (Figs. 2, B and D, 
3B, and fig. $3). For instance, reductions in F’ 
below Fyysy seem to have reversed the steady 


and highly publicized trend toward population 
collapse of Eastern Atlantic bluefin tuna (Thunnus 
thynnus), and this stock is projected to recover 
within this time frame under fishing reductions to 
F< Fwsy (Fig. 4A), a prediction supported by its 
most recent stock assessment (25). In general, 
however, uncertainty about rebuilding times is 
considerable if fishing rates are reduced merely to 
Fussy once a stock is depleted. Median recovery 
times increase only from 5 to 8 years with a 
change in F from zero to Fysy, but uncertainty in 
these times (25th and 75th percentiles of recovery 
times) increases from 3 to 10 up to 5 to 27 years 
(Fig. 2B, light green). 

Not only does uncertainty about recovery time 
increase exponentially with applied fishing pres- 
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Fig. 1. Scaled posterior distributions of the effect of regression covariates on two components 
of recovery time. (A) Recovery rate and (B) relative distance from the recovery target (relative to time- 
series variance) (21). Dashed lines mark (A) B = 0 and (B) y = 0, where covariates have no effect; one, two, 
and three stars denote 80, 90, and 99% probabilities that the effect is different from 0, respectively. In (A) 
a negative effect of a covariate (indicative of a lower recovery rate) delays recovery, whereas in (B) a 
negative effect of a covariate (indicative of a shorter relative distance) shortens recovery. Habitat is a 
categorical variable for pelagic and demersal stocks, coded to show the effect for pelagic stocks. 


Fig. 2. Effect of selected cova- 100 
riates on recovery. Median pre- 
dicted recovery times (A and B) 
and probability of recovering within 
10 years (C and D) as a function of 
[(A) and (C)] exploitation time be- 
fore depletion for stocks recover- 
ing from collapse (0.2Bmsy), with 
moderate (2Fysy, green) or high 
(6Fysy, orange) historic fishing in- 
tensity; [(B) and (D)] relative fishing 
mortality for stocks recovering from 
low (0.4Bmsy, green) versus high 
(0.2Bysy, orange) depletion levels. 
Areas of overlap between scenarios 
appear as olive green. For (A) and (C), 
relative fishing mortality during the 
recovery phase is set to zero; all re- 


n 
a 


maining covariates in each plot were 
fixed at their mean value. For (A) 
and (B), solid lines are point esti- 


Exploitation time (yr) 
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mates of median predicted recovery times, shaded regions delimit the 25th to the 75th percentile of 
predicted recovery times, and dashed black lines show a 10-year recovery time. For (C) and (D), solid lines 
are median estimates; shaded regions are 95% credible intervals. 
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sure during the recovery phase but also recovery 
times are prolonged and less predictable for col- 
lapsed stocks (Fig. 2, B and E). For some col- 
lapsed Atlantic cod (Gadus morhua) stocks, for 
example, although median predicted rebuilding 
times are ~10 years, there is substantial uncertain- 
ty about these rebuilding times (Fig. 4B). When 
stocks are driven to severely low abundances, 
recovery can take decades and recovery projections 
become uncertain. Georges Bank/Gulf of Maine 
Atlantic halibut (Hippoglossus hippoglossus }—a 
stock that had been overfished and at low bio- 
mass levels (B ~0.01Busy) for about a century 
before rebuilding began—exemplifies such slow 
and uncertain recoveries (Fig. 4C). Delays in re- 
covery also are pronounced for stocks with low 
intrinsic rates of increase (e.g., 7 < 0.2). Species 
with such “slow” life histories constitute a group 
that is at particular risk of long-term depletion, 
especially if the fishing mortality rate is not suf- 
ficiently reduced (Fig. 3B and fig. S2). 

The stochastic nature of the recovery process 
means that with longer recovery times comes 
much greater uncertainty. Patterns in productivity 
attributable to adaptive processes, trophic inter- 
actions, or environmental regimes can dictate the 
impact of a particular fishing regime and are thus 
important unknowns in projected recovery times 
(20, 26-29). For instance, when overfishing con- 
tinues after depletion, cumulative recovery prob- 
abilities for individual stocks still increase over 


Fig. 3. Rebuilding expect- A 
ations for currently de- 100 
pleted stocks. (A) Ratio of © 
predicted rebuilding times @ 80 
without fishing for depleted £& 
stocks to theoretical rebuild- 5 60 
ing times as predicted bya  & 
Graham-Schaefer model (12), © 49 
as a function of historic fish- a 


ing intensity and exploitation 
time. (B) Expected rebuilding 
times for depleted stocks fished 
at Fysy, as a function of in- 
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qd i2 


3 


Historic Fishing Intensity 


time (Fig. 4). Thus, despite a marked increase in 
predicted recovery times and their uncertainty 
(especially for collapsed stocks) (Fig. 2B), me- 
dian predicted recovery times remain finite even 
at fishing mortalities as high as 2 Fysy, which, in 
theory, should not result in recovery. Recovery in 
these cases might well depend on the adaptive 
potential of each stock and/or the occurrence of 
conditions favorable to high recruitment, neither 
of which can, in general, be predicted with much 
certainty. 

Our analysis suggests that the majority of 
stocks are resilient to moderate overfishing and 
have a good chance of recovering within 10 years 
if fishing pressure is reduced rapidly and sub- 
stantially once a stock has been determined to be 
depleted (B = 0.5 x Busy). For many currently 
depleted stocks, however, rebuilding efforts have 
been slow to be enacted, and continued overfish- 
ing has led to their collapse. At present, a third 
remain collapsed. Even if fishing mortality rates 
were reduced to Fyysy, recovery would likely take 
several decades for many of these stocks (Fig. 
3B). Regardless of their depletion level, at current 
fishing mortality rates, recovery to Busy remains 
a distant target for the majority of stocks that are 
now depleted (n = 62 stocks in our analysis). 
Only 23% of these stocks are fished below Fyysy; 
and only 10% are fished below 0.5F\ysy. Recent 
evidence that production from wild-capture fish- 
eries around the world could be increased were 
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trinsic rate of increase (r) and depletion level, and all other variables set to the mean values for currently 
depleted stocks. In each panel, black crosses denote currently depleted individual stocks, shown at current 


levels of the plotted variables. 


Fig. 4. Predicted (cumulative) re- 
covery probability as a function 
of time (log number of years). 
Panels show predictions for (A) East- 
ern Atlantic bluefin tuna (7. thynnus), 
(B) Irish Sea Atlantic cod (G. morhua), 
and (C) Georges Bank/Gulf of Maine 
Atlantic halibut (H. hippoglossus) at 
mean fishing mortality rates over 
the last 3 years in the time series 
(black lines), fishing at Fiysy (blue 
lines), and no fishing (green lines). 
Greater spread in the cumulative 
probability along the x axis corre- 
sponds to greater uncertainty in 
(log) recovery times. 
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these stocks to be rebuilt (5, 6) should provide 
an economic incentive to implement policy and 
management decisions that accelerate and expand 
rebuilding efforts. 
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A KRAB/KAP1-miRNA Cascade 
Regulates Erythropoiesis Through 
Stage-Specific Control of Mitophagy 


Isabelle Barde,* Benjamin Rauwel,* Ray Marcel Marin-Florez,* Andrea Corsinotti,*+ 
Elisa Laurenti,“+ Sonia Verp,? Sandra Offner,* Julien Marquis,*§ Adamandia Kapopoulou,* 


Jiri Vanicek,? Didier Trono*l| 


During hematopoiesis, lineage- and stage-specific transcription factors work in concert with chromatin 
modifiers to direct the differentiation of all blood cells. We explored the role of KRAB-containing zinc 
finger proteins (KRAB-ZFPs) and their cofactor KAP1 in this process. In mice, hematopoietic-restricted 
deletion of Kap1 resulted in severe hypoproliferative anemia. Kap1-deleted erythroblasts failed to 
induce mitophagy-associated genes and retained mitochondria. This was due to persistent expression of 
microRNAs (miRNAs) targeting mitophagy transcripts, itself secondary to a lack of repression by 
stage-specific KRAB-ZFPs. The KRAB/KAP1-miRNA regulatory cascade is evolutionarily conserved, 
as it also controls mitophagy during human erythropoiesis. Thus, a multilayered transcription 
regulatory system is present, in which protein- and RNA-based repressors are superimposed in 
combinatorial fashion to govern the timely triggering of an important differentiation event. 


100 billion new red cells are generated every 

day in the human adult bone marrow. This 
process is initiated by the differentiation of hem- 
atopoietic stem cells (HSCs) into the earliest ery- 
throid progenitor, which was identified ex vivo 
as a slowly growing burst-forming unit. This ery- 
throid progenitor morphs into the rapidly dividing 
colony-forming unit, the proliferation of which 
is stimulated by the hypoxia-induced hormone 
erythropoietin. Further differentiation occurs 


Ti the process of erythropoiesis, about 


Fig. 1. Blocked erythrocyte maturation and ac- 
cumulation of mitochondria in Kap1-deleted 
erythroblasts. (A) Fluorescence-activated cell sorting 
(FACS) analysis of CD71 and Ter119 in bone marrow 
from control (Ctrl) and Kap1 KO mice 7 weeks after 
polyinosinic-polycytidylic acid injection. Percentage 
of each population from the total bone marrow is 
indicated. (B) Electron microscopy (left, stars indicate 
mitochondria; center, average number of mitochon- 
dria visualized per cell; n = 10, *P < 0.05) and 
MitoTracker staining (right, n = 4, *P < 0.05). Here 
and in other figures, error bars denote SD. Decreased 
nuclear density was frequent in Kap1 KO cells, per- 
haps reflecting altered chromatin condensation. 
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through a highly sophisticated program orches- 
trated by lineage- and stage-specific combina- 
tions of protein- and RNA-based transcription 
regulators (/—3). It culminates in the elimination 
of intracellular organelles (including mitochon- 
dria and the nucleus) to yield the fully mature ery- 
throcyte, containing on the order of 250 million 
molecules of hemoglobin as almost sole cargo. 
Much is still to be learned about the molecular 
mechanisms of these events, not only to under- 
stand the cause of red cell disorders, but also to 


A Ctrl 


Terll9 


Ctrl 


aid the in vitro manufacturing of large supplies 
of oxygen-carrying cells for transfusion. 

The genomes of higher vertebrates encode 
hundreds of KRAB-containing zinc finger proteins 
(KRAB-ZFPs) that can bind DNA in a sequence- 
specific fashion through a C-terminal array of C,H 
zinc fingers and can recruit the co-repressor KAP 1 
via their N-terminal KRAB domain (4—7). KAP 1, 
also known as TRIM28 (tripartite motif protein 28), 
TIFIB (transcription intermediary factor 18), or 
KRIP-1 (KRAB-interacting protein 1), acts as a 
scaffold for a multimolecular complex that silences 
transcription through the formation of heterochro- 
matin (8—//). The KRAB/KAP1 system probably 
evolved initially to minimize retroelement-induced 
genome perturbations (/2—/4), but recent data in- 
dicate that it also regulates multiple aspects of mam- 
malian physiology (/5—24). The present study was 
undertaken to explore its role in hematopoiesis. 


1¢chool of Life Sciences and Frontiers in Genetics Program, Ecole 
Polytechnique Fédérale de Lausanne (EPFL), 1015 Lausanne, 
Switzerland. *School of Basic Sciences, EPFL, 1015 Lausanne, 
Switzerland. 


*Present address: Center for Integrative Genomics, University 
of Lausanne, 1015 Lausanne, Switzerland. 

+Present address: Centre for Genomic Regulation, 08003 
Barcelona, Spain. 

$Present address: Campbell Family Institute for Cancer Re- 
search, Ontario Cancer Institute, Princess Margaret Cancer 
Centre, University Health Network and Department of Mo- 
lecular Genetics, University of Toronto, Toronto, Ontario MSS 
1A8, Canada. 

§Present address: Functional Genomics Core, Nestlé Institute 
of Health Sciences, EPFL Campus, 1015 Lausanne, Switzerland. 
|Corresponding author. E-mail: didier.trono@epfl.ch 


16 100 


% of Mitotracker + cells 


Number of mitochondria per cell 
i) oe 


0 


Ctrl KO 


VOL 340 SCIENCE www.sciencemag.org 


The hemato-specific knockout of Kap/ in 
the mouse, whereby the hematopoietic system 
of otherwise wild-type animals is reconstituted 
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from Kap1-deleted hematopoietic stem cells 
and progenitors (fig. S1), resulted in a series of 
hematological abnormalities (table S1). Mutant 
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mice displayed fatal hyporegenerative anemia, 
characterized by the accumulation of transferrin 
receptor/CD71* glycophorin A-associated/Ter1 19 
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Fig. 2. A KAP1-miRNA cascade controls red cell mitophagy. (A) Top: 
Mitophagy-related transcripts in erythroblasts from control (Ctrl) and Kap1 
KO mice (n = 4, *P < 0.05, **P < 0.01, ***P < 0.001). Bottom: Indicated miRNA 
expression in the same samples; X denotes predicted miRNA-target pairs. (B) 
miR-351 and Bnip3L expression in megakaryocyte/erythroid progenitors 
(MEP: Lin” Scal~ CD117* CD34~ CD16.32_, in which expression was set at 1) 
and indicated erythroblast subsets. (C) miR-351 targets the Bnip3L 3’UTR. 


Ctrl, for which the normalized value was set at 1, was a combination of MEL cells not overexpressing miR-351 and transduced with a GFP-expressing lentiviral 
vector with the Bnip3L 3’UTR, and cells overexpressing miR-351 but transduced with the same vector without this sequence (n = 3, *P < 0.05). 
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Fig. 3. Erythroblast-specific KRAB-ZFPs control the miR-351—Bnip3L- 
mitophagy axis. (A) Screen shots from the UCSC Genome Browser, with results 
of a KAP1 ChIP-seq analysis performed on CD71* Ter119* bone marrow cells. 
(B) Zfp689 and Zfp13 are induced during erythroid differentiation. (C) ZFP689 
and ZFP13 repress a lentiviral vector carrying a miR-351—close KAP1-binding 
site in transduced MEL cells (Ctrl is a combination of ZFP-overexpressing cells 
transduced with a vector without the KAP1-binding site and LacZ-overexpressing 
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cells transduced with a vector carrying the KAP1-binding site; n = 3, *P < 0.05). 
(D) CD45.2* LSK cells were transduced with GFP-expressing, empty or scramble 
(Ctrl), Kap1-, Zfp689-, or Zfp13-directed shRNA lentiviral vectors, engrafted into 
irradiated CD45.1* mice; erythroid differentiation was evaluated by FACS 8 weeks 
later. (E and F) The CD71* Ter119* CD45.2* eGFP* population was then sorted 
and analyzed by reverse transcription quantitative polymerase chain reaction 
(RT-qPCR) for miR-351 (E) and Bnip3L (F) expression (n = 6, *P < 0.05). 
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early erythroblasts and an almost complete 
absence of mature CD71- Terl19* cells in the 
bone marrow (Fig. 1A). Electron microscopy and 
MitoTracker staining revealed that Kap/ KO 
erythroblasts contain more mitochondria than 
their wild-type counterparts (Fig. 1B), correlating 
with decreased expression of mitophagy transcripts 
such as Nix/Bnip3L, Ulk1, Gabarapl2, Sh3glb1, 
Atg12, Becn1, and Bcl211 (Fig. 2A). Because the 
KRAB/KAP1 pathway is mostly known to in- 
duce transcriptional repression (/0, //), it seemed 
likely that this effect was indirect. An exami- 
nation of the microRNA (miRNA) expression 
profile of control and Kap] KO CD71" Terl19* 
cells revealed that among 455 miRNAs tested, 
5 were down-regulated and 11 up-regulated by 
more than a factor of 2 in KO cells (data are 
presented in the Gene Expression Omnibus data 
set GSE44061). 

A recently described in silico approach (25, 26) 
suggested that six of these up-regulated miRNAs 
had mitophagy-associated deregulated transcripts 
as their targets, notably miR-351, predicted to act on 
Bnip3L (Fig. 2A). Consistent with this hypoth- 
esis, levels of miR-351 abruptly dropped in CD71~ 
Terl19* cells relative to their CD71* Terl19~ pre- 
cursors, mirroring Bnip3L induction (Fig. 2B). 
Furthermore, transduction of mouse erythroleu- 
kemia (MEL) cells with a green fluorescent protein 
(GFP)-expressing lentiviral vector harboring, 3’ of 
GFP, the Bnip3L 3’ untranslated region (3’'UTR) 
sequence predicted to be targeted by miR-351 re- 
sulted in miR-351—dependent down-regulation of 
the reporter (Fig. 2C). Finally, similar to their KAP 1- 
depleted counterparts, miR-351—overexpressing 
MEL cells were blocked in differentiation and 
accumulated mitochondria, and this phenotype 
was reversed by expression of a Bnip3L transcript 
devoid of this 3‘UTR sequence (fig. S2). 

Both miR-503 and miR-322, which are lo- 
cated next to miR-351 on chromosome X, were 
also up-regulated (by factors of 2.46 and 2.17, re- 
spectively) in Kap! KO erythroblasts. Consistent 
with a role for KRAB/KAP!1 in regulating this 
miRNA gene cluster, chromatin immunoprecipi- 
tation coupled to DNA sequencing (ChIP-seq) 
detected a strong KAP peak less than 4 kb away 
(Fig. 3A). Because KAP1 is not a DNA binding 
protein, we postulated that it might be tethered 
to this and other relevant loci by stage-specific 
KRAB-ZFPs. Nine KRAB-ZFP genes were 
identified, which had human orthologs and were 
expressed exclusively in CD71 Ter119” and/or 
CD71* Terl19° erythroblasts but not in other 
hematopoietic cells. Six of these genes could be 
efficiently knocked down in MEL cells by 
lentivector-mediated RNA interference, and two 
of them, Z/p689 and Zfp/3, emerged as potential 
Bnip3L regulators (fig. S3). Interestingly, Z/p689 
is expressed in CD71* Terl19* erythroblasts, 
whereas Zfp/3 is expressed only in their CD71 
Terl 19° counterparts (Fig. 3B). Both could repress 
reporter expression in MEL cells transduced 
with a lentiviral vector harboring the miR-351— 
close KAP1-binding site upstream of a human 


phosphoglycerate kinase promoter mSEAP (mu- 
rine secreted alkaline phosphatase) cassette 
(Fig. 3C). We then validated these two candidates 
in vivo by transplanting CD45.2 hematopoietic 
stem cells [lineage , Scal”, and cKit’ (LSK)] 
transduced with lentiviral vectors producing GFP 
and short hairpin RNAs (shRNAs) against Z/p689, 
Zfp13, or Kap! (control) into irradiated CD45.1 
mice, allowing the dual discrimination of donor 
versus recipient and transduced versus untrans- 
duced cells. Analyses of the red cell compartment 
in bone marrow harvested 8 weeks after the 
graft revealed that knockdown of either Z/p689 
or Zfp13 led to a decrease in CD71 Ter119* cells 
as pronounced as that observed with the Kap/ 
knockdown (Fig. 3D). Furthermore, RNA analy- 
ses of sorted transduced CD71* Terl 19° cells 
demonstrated that ZFP689-, ZFP13-, and KAP1- 
depleted cells all exhibited an up-regulation of 
miR-351 (Fig. 3E) and a marked down-regulation 
of Bnip3L (Fig. 3F). 

In a last series of experiments, we asked 
whether this erythropoiesis-regulating system has 
an equivalent in humans. We first found that Kap/ 
knockdown impaired the differentiation of human 
erythroleukemia (HEL) cells and increased their 
mitochondrial content (Fig. 4, A to C), blocking 
several mitophagy effectors including Nix/Bnip3L 
(Fig. 4D). We further verified that KAP 1-depleted 
HEL cells had increased levels of hsa-miR-125a- 
5p (Fig. 4D), which has the same miRNA seed 
as murine miR-351, and that overexpression of 
this miRNA triggered a down-regulation of Nix 
and a rise in the mitochondrial content of these 
cells (Fig. 4E). Finally, when we knocked down 
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Kap] in human cord blood CD34 cells, it resulted 
in a decrease of their ability to undergo cytokine- 
induced ex vivo erythroid differentiation, which 
correlated with reduced Nix expression and ele- 
vated mitochondrial content (Fig. 4F)—a pheno- 
type that could be reproduced by hsa-miR-125a 
overexpression (Fig. 4G). 

These results indicate the presence of a multi- 
layered transcription regulatory system in which 
protein- and RNA-based repressors are super- 
imposed in combinatorial fashion to govern the 
timely triggering of a necessary step of erythro- 
poiesis. miR-351 and several other miRNAs with 
predicted targets in the mitophagy pathway were 
up-regulated in Kap/-deleted murine erythroblasts 
(Fig. 2). This apparent redundancy—or, rather, 
addition of parallel effects aimed at the same phys- 
iological process—is commonly observed with 
RNA interference (27). Our discovery that it can 
be further modulated by KRAB-ZFP-—mediated 
repression, and that the latter can itself be multi- 
factorial, adds a remarkable level of modularity 
to this type of regulation. In human erythroblasts, 
although KAPI1 represses the Nix-targeting hsa- 
miR-125a-5p, down-regulation of several other 
miRNAs (including hsa-miR-24, -221, -222, and 
-223) was previously found to be important for 
erythroid differentiation, which conversely re- 
quires the up-regulation of the hsa-miR-144/451 
cluster (2, 3). Whether stage-specific KRAB-ZFPs 
are involved in controlling some of these other 
miRNAs remains to be determined. Even though 
KAP1 likely influences erythropoiesis by more 
than just allowing mitophagy, it is interesting 
to note that Znf205 and Znf689, the respective 
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and RNA sequencing in HEL cells transduced with empty or Kap1 knockdown vectors. (E) Nix expression in 
Ctrl (setting normalized value at 1) or hsa-miR-125a-5p—overexpressing HEL cells, measuring their mitochon- 
drial content by MitoTracker staining (n = 4, *P < 0.05). (F) Decreased erythroid differentiation of Kap1 
knockdown human cord blood CD34* cells, assessed by CD235a surface expression at 7 and 11 days 
(D7, D11). At D7, sorted CD235a* eGFP* cells were analyzed by RT-qPCR for Nix and hsa-miR-125a expression, 


and for mitochondrial content by MitoTracker staining (n 


= 3, *P <0.05). (G) Percentage of CD235a-expressing 


cells 7 days after inducing the differentiation of CD34* cells transduced with empty or unrelated miRNA— 
expressing (Ctrl) or hsa-miR-125a-5p—overexpressing lentiviral vectors (n = 3, *P < 0.05). 
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human orthologs of murine Zfp/3 and Zfp689, 
are expressed in HEL cells and induced upon 
erythroid differentiation of CD34* cells (fig. S4). 
Therefore, polymorphism or mutations in any ge- 
netic component of the pathway unveiled here— 
whether Znf205, Znf689, the genomic binding 
sites of their products, hsa-miR-125a-5p and other 
KAP I-regulated miRNA genes, or the sequences 
targeted by these RNA regulators—could under- 
lie red cell-related pathologies such as anemia, 
polycythemia, or erythroleukemia. 
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The Helicase-Like Domains of Type Ill 
Restriction Enzymes Trigger 
Long-Range Diffusion Along DNA 


Friedrich W. Schwarz,** Julia Toth,?* Kara van Aelst,? Guanshen Cui,” Sylvia Clausing,* 


Mark D. Szczelkun,?+ Ralf Seidel*?+ 


Helicases are ubiquitous adenosine triphosphatases (ATPases) with widespread roles in genome 
metabolism. Here, we report a previously undescribed functionality for ATPases with helicase-like 
domains; namely, that ATP hydrolysis can trigger ATP-independent long-range protein diffusion on 
DNA in one dimension (1D). Specifically, using single-molecule fluorescence microscopy we show 
that the Type Ill restriction enzyme EcoP151 uses its ATPase to switch into a distinct structural state 
that diffuses on DNA over long distances and long times. The switching occurs only upon binding 
to the target site and requires hydrolysis of ~30 ATPs. We define the mechanism for these enzymes 
and show how ATPase activity is involved in DNA target site verification and 1D signaling, roles 
that are common in DNA metabolism: for example, in nucleotide excision and mismatch repair. 


elicases were defined classically as aden- 
He«= triphosphatases (ATPases) that use 

directional translocation to unwind du- 
plex nucleic acids. More recently, however, many 
“pseudo-helicases” have been described that pos- 
sess amino acid motifs characteristic of helicases 
yet fulfill their cellular functions without obligate 
DNA unwinding (/) and instead are often trans- 
locases that move directionally on single- (2) or 
double-stranded (3, 4) nucleic acids. Pseudo- 
helicases include the ATP-dependent bacterial 
Type I and III restriction enzymes (REs), which 
use ATP hydrolysis to communicate between two 
distant restriction sites on the same DNA (5, 6). 
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Only if both sites are unmethylated is the DNA 
considered “foreign” and destroyed by the endo- 
nuclease. Type III REs form a heterooligomeric 
complex of two subunits: Mod (for target site 
methylation) and Res (for ATPase and endonu- 
clease activities). Because they only hemimeth- 
ylate their asymmetric recognition sequences, 
these enzymes must signal the relative site ori- 
entation during communication (7): Cleavage 
occurs only if the sites are in an inverted-repeat 
orientation, arranged either “head-to-head” (HtH) 
(7) or “tail-to-tail” (TtT) (8). Type III REs hydro- 
lyze only a few tens of ATPs per double-stranded 
DNA (dsDNA) break (9, /0), suggesting either 
passive three-dimensional (3D) looping between 
sites with limited translocation (//) or diffusion in 
1D following an ATP-dependent switch (fig. S1A) 
(8, 10). 

To distinguish between the different commu- 
nication models, we developed a real-time single- 
molecule assay using magnetic tweezers combined 
with total internal reflection fluorescence (TIRF) 
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microscopy (/2) that can localize fluorescently 
labeled enzymes on stretched 26-kilobase pair 
(kbp) DNA molecules containing two centrally 
located HtH EcoP15I sites with 6-kbp intersite 
distance (Fig. 1A). EcoP15I was labeled with 
quantum dots on the C terminus of the Res sub- 
unit (QR-EcoP 151), without compromising the 
biochemical activity (fig. S2). Whereas DNA bind- 
ing by lone quantum dots was not detected, 
addition of QR-EcoP15I and ATP resulted in en- 
zyme attachment at one (Fig. 1B and movie S1) 
or two (fig. S3) specific recognition sites. En- 
zymes always arrived instantaneously at the 
sites, with no evidence for long-lived, nonspecific 
binding en route (N = 61). After a delay of, on 
average, 17 + 2 s (fig. S4), bound enzymes started 
to move rapidly in both directions along the DNA 
(Fig. 1B), consistent with random walk simula- 
tions using measured parameters (/3) (fig. S5). 
All bound enzyme complexes (N = 91) could be 
assigned to one of the two target sites (fig. S6A), 
and 90% exhibited fast bidirectional movement. 
The mean-square displacement determined from 
single-particle tracking time trajectories (/4) was 
found to increase linearly with time, confirming a 
1D diffusion with a diffusion constant D = 0.92 + 
0.06 um? s | (Fig. 1C). This is one of the highest 
values reported, suggesting that EcoP15I is op- 
timized for rapid, long-distance DNA scanning 
(supplementary text). Rebinding to the original 
site or a second distant specific site was often 
observed, after which additional sliding events 
could restart with a similar initiation rate (fig. S4) 
until final dissociation occurred. Rebinding oc- 
curred preferentially at sites with the same orien- 
tation as the start site (Fig. 1D and fig. $4). The 
average lifetime of a diffusion event was 9 + | s, 
whereas the average total DNA interaction time 
involving multiple sliding and rebinding events 
was 180 + 10 s (fig. S4). Thus, an enzyme can 
explore thousands of base pairs up- and down- 
stream of the original site before dissociation. 
On a substrate with a sufficient density of EcoP15I 
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sites, DNA cleavage was observed after colli- 
sions between a mobile enzyme and a site-bound 
enzyme (fig. S6B). Given the diffusion constant 
and the viscous drag of the quantum dot, QR- 
EcoP15I cannot follow a helical path along the 
DNA (/5) (supplementary text). We interpret this 
to mean that EcoP15I can move on DNA in- 
dependent of the helical structure, as might be 
explained by a proposed toroidal clamp con- 
figuration (/6). Supporting such a structure is 
the observation that protein roadblocks at DNA 
ends increase endonuclease efficiency as they 
prevent dissociation by sliding (/0). 

The period of stable target-site binding before 
initiation of diffusion suggested the existence 
of a conformational switch, because enzymes 
binding the DNA from an ATP solution did not 
directly enter the diffusive state. To determine 
whether ATP hydrolysis drives the switching, 
we repeated our measurements in the absence 
(apo) or presence of different nucleotide analogs: 
nonhydrolyzable adenylyl-imidodiphosphate 
(AMP-PNP); the transition-state mimic adeno- 
sine 5’-diphosphate (ADP)—Va?*; and ADP. In 
contrast to ATP, in all cases we observed nu- 
merous nonspecific association events (Fig. 2A). 
For apo, AMP-PNP, and ADP-Va?" conditions, 
QR-EcoP15I was almost immobile. For ADP, 
nonspecific binding was combined with occa- 
sional excursions into long-lived diffusion states, 
albeit with a diffusion constant 1/30 of the val- 
ue observed in ATP (fig. S7). To examine the 
effect of ATP on nonspecific complexes, we 
prebound QR-EcoP15] in the apo conditions for 
a fixed period. After flushing in ATP, most pre- 
bound enzymes dissociated from the DNA. The 
remaining enzymes slowly diffused to a target 
site and, once specifically bound, started to un- 
dergo cycles of fast diffusive motion and target- 
site rebinding as before (Fig. 2B). Thus, ATP 
hydrolysis not only initiates fast diffusion from 
specific sites but also reduces nonspecific bind- 
ing, thereby increasing specificity. 

We measured DNA binding and ATP con- 
sumption by EcoP15I using stopped-flow fluo- 
rimetry (/7, 78). Prebinding EcoP 151 to a short 
specific oligonucleotide, and then rapidly mix- 
ing with an enzyme trap, allowed measurement 
of enzyme-DNA dissociation. The kinetics were 
most rapid with ATP (6.6 + 0.1 s lifetime on 
DNA, fig. S8), of intermediate velocity with ADP 
and ADP + P; (inorganic phosphate), and ap- 
preciably slower with AMP-PNP, P;, or apo con- 
ditions (Fig. 2C), in qualitative agreement with the 
single-molecule measurements. ATP hydrolysis 
was measured under the same reaction configu- 
ration (Fig. 2D). On specific DNA only, hydrol- 
ysis of ~30 ATP molecules was coupled to each 
release event with ~10 ATPs consumed within an 
initial 1-s burst followed by ~20 ATPs at a lower 
rate, similar to the accompanying dissociation 
kinetics (Fig. 2D and fig. S8). Tryptophan flu- 
orescence changes during dissociation point to 
a single-step nucleoprotein remodeling event 
coupled to the initial 10 ATPs (fig. S9), whereas 


short-range translocation events [i.e., “DNA scrunch- 
ing” (/9)] were not observed (fig. S10). ADP did 
not produce the same changes in tryptophan 
fluorescence, consistent with a different sliding 
conformation. 

To address whether ATP is required during 
sliding, we measured ATP hydrolysis using DNA 
of different lengths, with and without streptavidin 
roadblocks at the ends (Fig. 3A and fig. S11). End- 
capping prevents EcoP15I sliding off the DNA 
and increases the DNA-bound lifetime (~200 s) 
compared to uncapped DNA (<<1 s) (20). There 
are two distinct stages in the ATPase profiles: a 
burst phase, due to site-specific ATP hydrolysis 
and initiation of sliding; and a steady-state phase, 
due to enzymes binding from solution and ini- 
tiating sliding (consuming ~30 ATPs) and any 
other ATPase activity during sliding. If appre- 
ciable amounts of ATP were consumed during 
sliding or upon site rebinding, we might expect 
a lower steady-state rate on uncapped DNA than 
on capped DNA because of the longer sliding 
lifetime on the latter substrate. Instead we ob- 
served little difference in the steady-state rates 
and little dependence on DNA length, suggesting 
that negligible ATP is hydrolyzed during diffu- 
sion or after site rebinding. 

We also measured the nucleotide dependence 
of site-specific binding by EcoP15I (Fig. 3B). 
Whereas saturated binding was observed with 
apo, AMP-PNP, and ADP conditions, binding in 
ATP was characterized by a transient maximum 
followed by a lower steady state. A two-state 
model (free and bound) cannot describe this pro- 


Fig. 1. Direct observation 
of long-range diffusion on 
DNA by the Type III restric- 
tion enzyme EcoP15! in 
the presence of ATP. (A) 
Detection scheme based on 
magnetic tweezers that allows 
simultaneous DNA stretching 
and TIRF microscopy of quan- 
tum dot—labeled enzymes. 
(B) Kymographs of the inter- 
action of 0.7 nM QR-EcoP151 
in the presence of ATP with 
a DNA substrate that con- 


file. However, satisfactory fits were obtained by 
introducing a third state (in agreement with the 
tryptophan fluorescence measurements) after 
ATP-dependent DNA dissociation, where an 
activated EcoP15I must slowly re-isomerize be- 
fore it can rebind DNA (Fig. 3C and fig. $12). 
The target-site-binding lifetime of 5.9 + 0.7 s 
matches that observed in Fig. 2D and is similar to 
the value from the single-molecule experiments. 
The activated state has a shorter lifetime (~25 s) 
than the total interaction time measured in the 
tweezers, but nonetheless we interpret this as 
representing the sliding conformation—the shorter 
observed lifetime may reflect the absence of 
bound DNA. 

In this work, we provide direct evidence for 
the 1D diffusion hypothesis for intersite commu- 
nication and cleavage by Type III REs (fig. S1B). 
One-dimensional diffusion on DNA is a general 
model for target-site localization by proteins (2/), 
but sliding events in this situation are short-lived 
and can be interspersed by microscopic dissociation- 
reassociation events (“hopping”). Hopping can 
be ruled out for Type III REs as this would lose 
the original asymmetric binding orientation and 
would negate the site-orientation selectivity of 
these enzymes. The EcoP15I mechanism high- 
lights that long-lived sliding is only achieved by a 
conformational switch catalyzed by site-dependent 
ATP hydrolysis. The necessity for an ATP hy- 
drolysis step to establish long-lived sliding has 
precedent in the loading of processivity clamps 
at replication forks by the AAA+ family clamp 
loader complexes (22). There are also close 
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tains two target sites in an in- 
verse HtH orientation, spaced 
6 kbp apart (see sketch on 
the left). The snapshot flu- 
orescence image on the far 
left shows the magnetic par- 
ticle and the bound enzyme 
after 60 s. The colored bar 
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on the bottom of the kymo- = 0} - 
graph highlights periods of a Tia ey a8 cel eae 
enzyme diffusion (green) and 


target site binding (blue). (C) Cumulative mean-square displacement over time of different diffusion events 
of EcoP15! on DNA (N = 32). A weighted linear fit to the data provides a diffusion constant of 0.92 + 
0.06 um? s~* (SEM). (D) Probability of EcoP15! to rebind during the diffusion to its original start site 
or to the distant target site normalized by the number of attempts (WV = 201). Error bars in (C) and (D) 


represent the SEM. 
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Fig. 2. ATP hydrolysis—triggered release of the enzyme 
from its target site. (A) Interaction of 0.13 nM QR-EcoP151! 
with DNA in the presence of different nucleotides. Apo 
indicates the absence of any added nucleotide. Images and 
kymographs have identical scales. Snapshots were taken after 


120 s. (B) ATP-triggered release of prebound enzyme from DNA. Period 1: Addition of 0.7 nM enzyme in the absence of nucleotide. Period 2: Flush with buffer 
only. Period 3: Flush with buffer containing ATP. Snapshots shown were taken at 200 s (before ATP addition) and 400 s (after ATP addition). The immobile 
quantum dot following ATP addition is stuck to the capillary surface in proximity to the DNA. (C) Stopped-flow measurements (see sketch) showing the release of 
prebound enzyme from its target site with different nucleotides. (D) Stopped-flow measurements of DNA-dissociation by EcoP15! and the amount of ATP 
hydrolyzed upon adding ATP and heparin. The inset shows the DNA dissociation kinetics and the instantaneous ATPase rate obtained from the derivative of the 


ATP hydrolysis kinetics (both data from main figure; see fig. $8). 
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target site release. (A) 
ATP hydrolysis during tar- 
get site binding of EcoP15! 
in the absence of a trap 
using a short 0.5-kbp DNA 
with free ends and a lon- 
ger 1.5-kbp DNA with 
streptavidin roadblocks at 
its ends. Stopped-flow mea- 
surements were initiated 
by mixing enzyme prebound 
to DNA with ATP (see 
sketch) with both solu- 
tions containing a phos- 0 
phate sensor. (B) Binding 

kinetics of EcoP151 to its 

target site in the presence or absence of different nucleotides. Stopped-flow 
anisotropy measurements were initiated by mixing enzyme and DNA 
supplemented with nucleotide (see sketch). (C) Binding kinetics of EcoP15| 
to its target site in the presence of ATP as measured in (B) for different enzyme 
concentrations (gray curves; increasing grayscale values correspond to 0, 20, 


o 
is} 


ATPs hydrolyzed per DNA 


0 10 20 30 40 50 
Time (s) 


www.sciencemag.org SCIENCE VOL 340 


AMP-PNP_ ADP. 


10 20 30 40 50 0 10 20 30 40 50 


Time (s) Time (s) 

26, 40, 53, 66, 99, 132, and 265 nM EcoP151). The experimental data were 
fitted according to the scheme sketched above based on four different rate 
constants (light to dark red curves). Curves for concentrations of 20 to 132 nM 
were obtained from fits to the experimental data, whereas mean rate 
constants were used to simulate the curve for 265 nM (fig. $12). 
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functional parallels to mismatch repair: After mis- 
match targeting through helix-correlated sliding 
and 3D steps, the ABC transporter family MutS 
enzymes use a two-step conformational change 
to adopt a sliding clamp configuration that dis- 
plays accelerated, helix-uncorrelated 1D diffusion 
(23-25). This transition requires a sole ADP-to- 
ATP exchange, contrasting with EcoP15I that hy- 
drolyzes many ATPs upon initiation (fig. S1). 
Together this shows that ATP-triggered sliding 
is a general function that has evolved in different 
ATPase kingdoms. 
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Kinesin-1:Cargo Recognition 


Stefano Pernigo,* Anneri Lamprecht,* Roberto A. Steiner,t Mark P. Doddingt 


Kinesin-mediated cargo transport is required for many cellular functions and plays a key role 
in pathological processes. Structural information on how kinesins recognize their cargoes is 
required for a molecular understanding of this fundamental and ubiquitous process. Here, we 
present the crystal structure of the tetratricopeptide repeat domain of kinesin light chain 2 

in complex with a cargo peptide harboring a “tryptophan-acidic” motif derived from SKIP 
(SifA-kinesin interacting protein), a critical host determinant in Salmonella pathogenesis and a 
regulator of lysosomal positioning. Structural data together with biophysical, biochemical, 

and cellular assays allow us to propose a framework for intracellular transport based on the binding 
by kinesin-1 of W-acidic cargo motifs through a combination of electrostatic interactions and 
sequence-specific elements, providing direct molecular evidence of the mechanisms for 


kinesin-1:cargo recognition. 


a critical role in the intracellular transport 

of diverse protein, ribonuclear protein com- 
plexes, and membrane compartments on micro- 
tubules (/). Its functions are also usurped by 
bacteria and viruses to aid in their replication 
2, 3). Kinesin-1 can perform this diverse range 
of functions by virtue of its ability to interact with 
many different cargo proteins (4). Diversity of 
cargo recognition is accomplished largely through 
the kinesin light chains (KLCs), which harbour 
a tetratricopeptide repeat (TPR) domain, a versatile 
protein interaction platform (5, 6). The KLC'P® 
domain can recognize short peptide stretches with- 
in relatively disordered regions of its targets. These 
peptides are characterized by a tryptophan resi- 


T° plus-end—directed motor kinesin-1 plays 
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due flanked by acidic residues (such as EWD) 
and are found in a growing list of KLC-binding 
proteins (7—/6). [Single-letter abbreviations for the 
amino acid residues are as follows: A, Ala; C, 
Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; 
K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; 
R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
In the mutants, other amino acids were substi- 
tuted at certain locations; for example, R251D 
indicates that arginine at position 251 was re- 
placed by aspartic acid.] Although W-acidic mo- 
tifs often occur in pairs, single motifs are also 
functional and can support microtubule-based 
transport even when explanted from their host 
protein (7, 12, 17). 

We set out to solve the structure of a KLC'’® 
domain bound to a cargo W-acidic motif. We fo- 
cused our attention on the SifA-kinesin interact- 
ing protein (SKIP) cargo for its importance in 
Salmonella pathogenesis. SKIP contains a pair 
of W-acidic motifs centered at amino acid po- 
sitions 207 and 208 (WD) and 236 and 237 (WE) 
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that fall within the N-terminal kinesin-1 binding 
region (residues 1 to 310) (Fig. 1A) (3, 7, 13). 
To assess the relative importance of the SKIP 
W-acidic motifs for KLC binding, we cotrans- 
fected HeLa cells with wild-type and WD/WE mu- 
tant constructs expressing green fluorescent 
protein (GFP)-SKIP(1-310) and hemagglutinin 
(HA)-KLC2 (Fig. 1B). 

Disruption of the WD motif reduced GFP- 
SKIP interaction with HA-KLC2, whereas abroga- 
tion of the WE motif had no obvious effects. A 
double mutant with both motifs disrupted 
displayed HA-KLC2 binding similar to the single 
WD mutant. Thus, the WE motif has a very low 
affinity for KLC2. Indeed, a 10-amino-acid-long 
peptide centered on the WD motif (SKIP“”) (Fig. 
1A) bound to KLC2'?® with a dissociation con- 
stant (Ky) of 24 uM, whereas the affinity of the 
equivalent SKIP" peptide was above 110 uM 
(Fig. 1C). The presence of both motifs improves 
the affinity for KLC2'?® because a 40-amino-acid- 
long peptide SKIP~?" that encompasses the 
W-acid pair sequence bound with an apparent af- 
finity higher than that of the single SKIPY” motif 
(Ka = 4.9 uM). Binding affinity measurements at 
varying NaCl concentrations showed that elec- 
trostatic interactions play an important role in the 
recognition process (fig. S1). 

For structural studies, we focused on the 
SKIPW? motif, and to facilitate the crystallization 
process, we engineered a chimeric construct in 
which the SKIP“? peptide was fused N-terminal 
to KLC2'® via a flexible (TGS), linker (18). Crys- 
tals of SKIP“?-KLC2'?® were grown by using 
vapor diffusion techniques and diffracted at 2.9 A 
by using synchrotron radiation. The final model of 
the cargo complex is characterized by R and Rie 
values of 20.3 and 24.5%, respectively (table S1). 
KLC2'?® consists of six TPR repeats (TPRI to 
TPR6), each contributed by a classical helix-turn- 
helix structural motif arranged in a right-handed 
super-helical conformation, with a non-TPR helix 
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though our construct includes the external helix 
of TPR1, this region, as well as other flexible 
stretches, could not be unambiguously interpreted 


positioned between TPR5 and TPR6 (/4). The 
structure of SKIPY?-KLC2'?® revealed the cargo 
peptide bound in an extended conformation at the 


N-terminal portion of the KLC2'?® concave sur- 
face, with a direction parallel to the external helix 
of the repeat (Fig. 2, A and B, and fig. S2). Al- 


in the electron density. Thus, KLC2!"® starts from 
TPR2 in our model. 


A ——e 1019 B crp-skip(s-310) A comparison between cargo-free KLC2'® 
Hs SKIP (__(Run) {I ee ee : : (3CEQ) and cargo-bound KLC2'® revealed 


(WDWE/AAAA) 


structural differences considered to arise from a 


SKIP™© $$ rigid jaw movement of the N-terminal TPR2-3 

; 1 198 480 622 a 5 aa region, which closes upon cargo recognition en- 

Mm kinesin light chain 2(KLC2) (“TTT I) CS?) OS55 gendering the binding surface and pockets for 
TPR repeats HA-KLC2 (WT) the SKIP? peptide. (Fig. 2B and fig. S3). An 

Cc 10 SE analysis performed by using the Protein Inter- 
pa ater = HAKLC2 (CoP) faces, Surfaces and Assemblies (PISA) algorithm 

8 os © SKIPYEKLC2PR, K, = 111 uM (19) indicates that all residues of the SKIP“? 
: 2 oe | HA-KLC2 (Input) peptide are involved in formation of the complex, 
§ 5 08 ——————— which is stabilized by residues from TPR2-TPR3 
Bs 04 = hm GFP-sKIP(1-310) —_ and the internal helix of TPR4 (Fig. 2C). This con- 
33 =e | cave groove surface displays a positive electro- 
5 02: static charge ideally poised to complement the 
negatively charged W-acidic cargo motifs (Fig. 2C 

oe 20 40 60 foal eas and fig. $4), Overall, the interface area of the 
RIE SOO) OM SKIP*?-KLC2'® complex is ~770 A”, stabilized 


Fig. 1. Binding of SKIP to KLC2. (A) Scheme of SKIP and KLC2. The two W-acidic motifs and KLC2 TPR 
repeats are highlighted. (B) Coimmunoprecipitation shows that alanine replacement in the first W-acidic motif 
(WD) abrogates SKIP:KLC2 binding, whereas the same substitution in the second motif (WE) has virtually no 
effect. (C) Fluorescence polarization measurements confirm that the first SKIP W-acidic motif (SKIP™°) has a 
higher affinity for the TPR domain of KLC2 than that of the second one (SKIP™). A peptide encompassing both 
motifs (SKIP“°™£) binds with higher affinity than the best single motif. Kg values reported here were calculated 
at 150 mM NaCL. Binding affinity values at varying ionic strength values are given in fig. S1. 


Fig. 2. Structure of the SKIP“?-KLC2™® 
cargo complex. (A and B) Illustrated rep- 
resentations of the SKIP”? motif (dis- 
played as stick model in green) bound to 
KLC2™*® domain (orange) in two orthog- 
onal orientations. Simulated annealing 
(F,-F,) omit map for the W-acidic cargo 
motif is contoured at the 3o level. Indi- 
vidual TPR repeats composed by helix- 
turn-helix elements (“I” and “E” for internal 
and external, respectively) are highlighted 
in (A). A non-TPR helix (N) is between 
TPR5 and TPR6. (B) also shows the cargo- 
free KLC2™® structure (gray transparent), 
with an orange arrow indicating the 
movement of the TPR2-TPR3 region with 
respect to the common TPR4-TPR6 ref- 
erence frame. (C) Electrostatic poten- 
tial surface representation of KLC2™® 


with its SKIP”°-bound cargo. Positive and negative potential is shown in blue and red, respectively. Cargo 
recognition is achieved by a combination of charge complementarity and sequence specificity. 
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by a mixture of H-bonds, salt bridges, and hydro- 
phobic interactions (Fig. 3A). 

The W residue central to the motif is gener- 
ally flanked by amino acids bearing a carboxylate 
side chain. SKIP‘”°’ (position 0, p0) is buried 
within a leucine-rich pocket positioned roughly 
in the middle along the TPR length and contrib- 
uted by side chains from TPR2 (L248, R251, 
and L263) and TPR3 (N287, L290, and L291). 
In particular, the side-chain of N287 is in a con- 
formation so that it serves the dual purpose of 
stabilizing SKIP‘”°” indole group by lining one 
side of the pocket while engaging at the same 
time in hydrogen bonds with the main chain 
amide and carbonyl oxygen of the residue at p+1. 
The latter position is almost invariably occupied 
by a glutamic or aspartic acid residue (7). The 
carboxylate side-chain of SKIP™°S points in the 
opposite direction to that of SKIP“”°”, engaging 
in a network of salt bridges and H-bonds with 
the positively charged R312 and K325 side chains 
of 03E and oI, respectively. An acidic side chain 
at position p-1 (SKIP**°*) of the motif is also 
very conserved in other W-acidic motifs. Like 
SKIP?**S, the carboxylate side-chain of SKIP‘? 
faces the TPR3-TPR4 side of the KLC2'?® ree- 
ognition groove, where it is stabilized by an ionic 
interaction with K325. Position p-2 of SKIP? 
features a leucine residue (SKIP'**>). The hydro- 
phobic side chain of SKIP'?°° is deeply buried 
in a hydrophobic pocket formed by residues from 
TPR3 and TPR4. The side chain of N329 plays a 
similar dual role as that of N287. Although lining 
the SKIP'?°° pocket, it also H-bonds with the main 
chain at position p-1. Together, N287 and N329 
act like a clamp on opposite sides of SKIPY?, 
providing 4 of the 10 hydrogen bonds that sta- 
bilize the complex. Residues at positions p-(3,4) 
are less important for complex stability consistent 
with their general lack of sequence conservation 
amongst W-acidic motif cargo (7). The C-terminal 
stretch of SKIP¥? encompassing p+(2,3,4,5) 
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is observed in a more compact, turn-like confor- 
mation, with SKIPP?0%S?!° at p+(2,3) making 
very minor contacts with the groove. As for the 
N-terminal peripheral region of SKIP”, the exact 
nature of the amino acids at p+(4,5) does not 
seem critical for complex stability. Alternative side 
chains can be positioned at this topological po- 
sition, possibly involving a rearrangement of the 
main chain. 

To investigate the effect of amino acid re- 
placements within the KLC2'”® region on the in- 
teraction with SKIP, we used immunoprecipitation 
as described above. All amino acid substitutions 
tested resulted in abrogation or near-abrogation 
of complex formation between KLC2 and SKIP 
(Fig. 3, B and C). The importance of electrostatic 
interactions in cargo recognition is underscored by 
charge-reversal mutations (Fig. 3, B and C). When 
coexpressed in cells, SKIP and its small guano- 


Fig. 3. The SKIP“°-KLC2"* interface and the effect 
of KLC2"® mutations in cargo binding and cellu- 
lar recruitment. (A) Details of the SKIP“°:KLC2™® 
interface. KLC'’® side chains stabilizing the SKIP“? 
cargo peptide (green) are shown as gray sticks ema- 
nating from the orange model. Noncarbon elements 
are nitrogen, dark blue; oxygen, red; and sulfur, yellow. 
Hydrogen bonds are represented by dotted light blue 
lines. (B) Coimmunoprecipitation assay showing the 
effect of KLC2™® mutations at the SKIP”°:KLC2™® 
interface on the interaction. (C) Fluorescence polar- 
ization measurements showing that R251D, N287L, 
and R312E mutations in KLC2 dramatically reduce 
the affinity of the TPR domain for the SKIP”? peptide. 
Ky values reported here were calculated at 150 mM 
NaCl. (D) Replacement of key KLC2"”® residues re- 
sults in loss of GFP-KLC2 association with Arl8/SKIP— 
positive lysosomal membranes. Scale bar, 10 um. In 
merge panels, GFP-KLC2, Arl8, and SKIP are shown 
in green, red, and blue, respectively. 
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sine triphosphatase-binding partner Arl8 asso- 
ciate strongly with lysosomes and promote their 
trafficking to the cell periphery. GFP-KLC2 asso- 
ciates with the same lysosomes (Fig. 3D and fig. 
$5) (73). This is essentially abolished by KLC2 
mutations (R251D, N287L, and R312E) (Fig. 3D 
and fig. S5). The same mutations strongly inhibited 
the binding of KLC2'?® to the WD motif peptide 
(Fig. 3C). We conclude that optimal SKIP:KLC2 
stability critically depends on a very conserved 
cargo recognition-interaction groove. We ex- 
tended our analysis to the well-characterized 
Calsyntenin-1 (CSTN-1) cargo, which also ex- 
hibits two W-acidic motifs (9, //7, 12). Differently 
from SKIP, both CSTN-1 motifs bound to KLC2"™® 
with similar affinity (fig. S6). However, the mu- 
tations in the KLC2-binding groove that disrupted 
SKIPY” binding also abrogated recognition of 
CSTN-1 (fig. S6). A sequence alignment shows 


ARL8-HA 


myc-SKIP 


total conservation of the KLC'’® residues in- 
teracting with the cargo across the kinesin light 
chain family (fig. S7). Thus, the concave groove 
within the TPR domain where the SKIP pep- 
tide binds is likely to be the primary site of in- 
teraction for W-acidic cargo motifs in general. 
However, we cannot exclude that secondary sites 
also exist. 

In the context of intracellular transport in which 
kinesin-1 functions as a tetramer containing two 
KLCs held together by a coiled-coil region and 
both SKIP motifs contribute to transport (7, /3), it 
is tempting to speculate that both chains can 
contribute to the binding of the W-acidic cargo 
pair. For SKIP, the higher-affinity WD motif 
would direct the first binding event to one of the 
KLC'®, with avidity effect promoting the as- 
sociation of the WE motif to the other KLC 
(20, 21). It will be important to determine this 
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relationship to the kinesin-1 tetramer and examine 
the importance of cargo-induced TPR conforma- 
tional change in motor activation. 
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Actin-Propelled Invasive Membrane 
Protrusions Promote Fusogenic Protein 
Engagement During Cell-Cell Fusion 
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Cell-cell fusion is critical for the conception, development, and physiology of multicellular 
organisms. Although cellular fusogenic proteins and the actin cytoskeleton are implicated in 
cell-cell fusion, it remains unclear whether and how they coordinate to promote plasma membrane 
fusion. We reconstituted a high-efficiency, inducible cell fusion culture system in the normally 
nonfusing Drosophila S2R+ cells. Both fusogenic proteins and actin cytoskeletal rearrangements 
were necessary for cell fusion, and in combination they were sufficient to impart fusion 
competence. Localized actin polymerization triggered by specific cell-cell or cell-matrix adhesion 
molecules propelled invasive cell membrane protrusions, which in turn promoted fusogenic protein 
engagement and plasma membrane fusion. This de novo cell fusion culture system reveals a 
general role for actin-propelled invasive membrane protrusions in driving fusogenic protein 


engagement during cell-cell fusion. 


ell-cell fusion occurs in many biological 
( processes such as fertilization, myogene- 
sis, placenta formation, bone remodel- 
ing, and immune response (/—3). Transmembrane 
fusogenic proteins are implicated in the fusion of 
multiple cell types in Caenorhabditis elegans (4), 
whereas actin polymerization is implicated in the 
fusion of muscle cells in Drosophila, zebrafish, 
and mice (5—7). It remains unknown whether 
fusogenic proteins and the actin cytoskeleton co- 
ordinate during cell-cell fusion, and if so, how 
this is accomplished. We addressed these ques- 
tions by reconstituting cell fusion de novo in the 
otherwise nonfusing S2R+ cells, a hemocyte-like 
cell line derived from Drosophila embryos (8). 
Transfection of known components of Dro- 
sophila myoblast fusion, including cell adhesion 
molecules (9, 70) and actin cytoskeletal regu- 
lators (//—/4), failed to induce S2R+ cell fusion, 
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despite causing extensive cell adhesion and F-actin 
enrichment at cell-cell contact sites (fig. S1, A to 
C). Expression of the C. elegans fusogenic pro- 
tein Eff-1 (5, /6) induced low-level S2R+ cell 
fusion (Fig. 1, A and F). Multinucleate syncytia 
were observed 24 hours after Eff-1 transfection, 
and by 72 hours after transfection, ~12% (12.1 + 
1.1%) of Eff-1—positive cells were in multinucleate 
syncytia, with each syncytium containing a median 
number of eight nuclei (Fig. 1, F and G). These 
Eff-l—induced multinucleate syncytia resulted 
from cell fusion (fig. S2, A to B’’’), and Eff-1 was 
required in both fusion partners (fig. S2C), sim- 
ilar to findings reported for moth Sf9 cells (/6). 

Because close membrane apposition is a pre- 
requisite for membrane fusion, we asked whether 
Eff1—induced fusion could be enhanced by co- 
expressing cell adhesion molecules. Dumbfounded 
(Duf) and Sticks and stones (Sns) are immuno- 
globulin (Ig) domain—containing transmembrane 
proteins that are required for Drosophila myoblast 
fusion (9, /0) but are not normally expressed in 
S2R+ cells (fig. S1D). Exogenous Duf, but not 
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Sns, promotes homophilic cell adhesion in cul- 
tured Drosophila cells (1 7-19), as does Echinoid 
(Ed), an Ig domain—containing transmembrane 
protein not implicated in myoblast fusion (20, 2/). 
Among the three proteins, only Sns enhanced 
Eff-1—mediated fusion (Fig. 1, B, C, D, and F), 
which suggests that membrane apposition me- 
diated by cell adhesion per se is not sufficient 
to promote Eff-1—mediated fusion. Nearly 90% 
(86.3 + 2.9%) of the Sns-Eff-1—coexpressing cells 
were in multinucleate syncytia (Fig. 1C), repre- 
senting a factor of 7 increase over Eff-1—induced 
fusion (Fig. 1F). These large syncytia contained 
up to 220 nuclei, with a median number of 44 
nuclei per cell (Fig. 1G). Live imaging confirmed 
that Sns-Eff 1—induced syncytial formation resulted 
from cell fusion (fig. S3, A and B, and movies S1 
and S82). Besides Sns, overexpression of an a sub- 
unit (@PS2) of the cell-matrix adhesion molecule 
integrin (22), which has been implicated in mul- 
tiple types of cell fusion events (23—26), enhanced 
Eff-1—mediated fusion by a factor of 5 (63.9 + 
4.3%) with a median number of 20 nuclei per 
cell (Fig. 1, E to G). The marked enhancement of 
Eff-1—mediated cell fusion by Sns and integrin, 
neither of which facilitated homophilic cell ad- 
hesion nor interacted with Eff-1 more strongly 
than did Duf (fig. S4), prompted us to examine 
the cellular mechanisms underlying their fusion- 
enhancing activity. 

In Drosophila, Sns and Duf trigger distinct 
actin cytoskeletal changes during myoblast fu- 
sion. Sns organizes an F-actin—enriched invasive 
podosome-like structure (PLS) in the fusion com- 
petent myoblast (27, 28), whereas Duf promotes 
the formation of a thin sheath of actin underlying 
the apposing founder cell membrane (27). Their 
differential activity in remodeling the actin cyto- 
skeleton was recapitulated in S2R+ cells, as F-actin— 
enriched foci were observed at cell-cell contact 
sites marked by the accumulation of Eff-1 and the 
cell adhesion molecule in Sns-Eff-1—expressing 
cells (Fig. 1H and fig. SSA) but not in Duf-Eff-1— 
expressing cells (Fig. II and fig. SSB). Live im- 
aging of Sns-Eff-1—expressing cells using green 
fluorescent protein (GFP) fused to the F-actin— 
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binding C-terminal tail of moesin (GFP-moesin) 
(29) revealed that these F-actin foci corresponded 
to sites of fusion (Fig. 2A, fig. S6, A and B, and 
movies $3 to S5). Using a cell-mixing fusion as- 
say, we showed that Sns was required in only one 
of the two fusion partners to promote efficient 
cell fusion (fig. S7). 

Because the actin nucleation-promoting fac- 
tors (NPFs) of the Arp2/3 complex, WASP (//—/3) 
and Scar/WAVE (/4), are required for Sns-induced 
PLS formation in Drosophila myoblast fusion 
(27), we investigated whether WASP and Scar are 
required for Sns-Eff-1—induced cell fusion. RNA 
interference (RNAi) knockdown of WASP, its 
binding partner WASP-interacting protein (WIP) 
(11, 12), or Scar abolished Sns-induced F-actin 
foci (fig. S8) and eliminated Sns-enhanced cell 
fusion (Fig. 2B). At sites of fusion, fluorescence 
recovery after photobleaching (FRAP) analysis 
revealed more dynamic exchanges of WASP and 
Scar than of Sns (Fig. 2, C and D, fig. S9, and 
movies S6 and S7), which suggests that Sns 
provides a relatively stable organizing center at 
these sites to recruit WASP and Scar. These find- 
ings indicate that dynamic actin cytoskeletal re- 
arrangement is required for Sns-Eff1—induced 
cell fusion. RNAi knockdown of the P40 subunit 
of the Arp2/3 complex in moth Sf9 cells also de- 
creased Eff-1—induced fusion (7.2 + 1.2% versus 
16.7 + 6.1%; fig. S10), indicating that Arp2/3- 
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mediated actin polymerization is generally re- 
quired for fusion in different cell types. 

To examine whether Arp2/3-mediated actin 
polymerization is sufficient to enhance Eff-1— 
mediated fusion, we fused WIP, WASP, or Scar 
to the C terminus of Duf or Sns and coexpressed 
each chimeric protein with Eff-1 in S2R+ cells. 
Attaching WIP to Sns did not affect Sns’s ability 
to organize actin polymerization at cell-cell con- 
tact sites (fig. S11A) or to enhance fusion (Fig. 
2E). Attaching WIP to Duf induced the formation 
of F-actin—-enriched hairlike protrusions at cell- 
cell contact sites (fig. S11B) and converted Duf 
into a fusion-promoting molecule (Fig. 2F). This 
result suggests that WIP-mediated actin cyto- 
skeletal rearrangement is sufficient to enhance 
Eff-1—mediated cell fusion. Unexpectedly, attaching 
WASP or Scar directly to Duf did not enhance 
Eff-1—mediated fusion (Fig. 2F), and attaching 
these NPFs to Sns abolished Sns’s fusion-enhancing 
activity (Fig. 2E) because of mislocalization of the 
chimeric proteins. Unlike Duf-WIP or Sns-WIP, 
which were correctly targeted to the cell mem- 
brane (fig. S11, A and B), Duf-WASP, Duf-Scar, 
Sns-WASP, and Sns-Scar were localized in the 
cytoplasm (fig. S11, C and D), where they induced 
actin comet tails propelling rapid movement of 
vesicles containing Eff-1 and the corresponding 
chimeric protein (fig. S11, C and D, and movies 
S8 and $9). Thus, localized Arp2/3-mediated actin 


polymerization at cell-cell contact sites promotes 
Eff-1—mediated fusion. 

Because Arp2/3 nucleates a branched actin 
network that drives membrane protrusions, we 
predicted that the F-actin foci at cell-cell con- 
tact sites may be invasive. To test this, we con- 
ducted super-resolution total internal reflection 
fluorescence (TIRF)-based stochastic optical re- 
construction microscopy (STORM) (30) and 
ultrastructural electron microscopy (EM). Both 
analyses revealed a tightly packed group of finger- 
like protrusions extending from one cell into its 
fusion partner in Sns-Eff-l—expressing cells but 
not in Duf-Eff-1—expressing cells (Fig. 2, G and H, 
b and c; Fig. 3, A and A’; and fig. $12), consist- 
ent with the reported ultrastructure of the invasive 
PLS in Drosophila myoblast fusion (27, 37, 32). 
These fingers contained distinct clusters of Sns 
and Eff-1 (Fig. 2G, d to d’’) and frequently over- 
lapping Sns and actin signals (Fig. 2H, d to d’’). 
Strikingly, segments of electron-dense “ladders” 
were present between the apposing membranes 
along the invasive fingers (Fig. 3, A’ and A’’). 
These electron-dense ladders grossly resembled 
the electron-dense spikes formed by the virus- 
packaged Eff-1 on the viral envelope (33) (albeit 
thinner than the latter) and spatially corresponded 
to clusters of Eff1 on the invasive fingers observed 
by STORM (Fig. 2G, d’). Immunogold labeling 
confirmed the presence of Eff-1 on the membranes 


B 40 4 Eff-1_ alone 
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Fig. 1. Coexpression of Drosophila adhesion molecules and the C. elegans fusogenic 
protein Eff-1 induces high-efficiency cell fusion in Drosophila S2R+ cells. (A to G) 
Expression of Sns or integrin markedly enhances Eff-1—mediated cell fusion. Cells were trans- 
fected with V5 epitope—tagged Eff-1 (Eff-1—V/5) alone (A) or cotransfected with Eff-1—-V5 and an 
adhesion molecule—Duf (B), Sns (C), Ed (D), or wPS2 (E)—and were then stained with antibody 
to V5 (green) and a membrane dye (red). (F) Quantification of the fusion index as the percentage 
of nuclei in multinucleate syncytia (containing >3 nuclei) versus the total number of nuclei in 
transfected cells. W = 30 randomly chosen 40x microscopic fields; error bars denote SD. (G) 


Distribution of nuclei number in multinucleate syncytia. (H and I) Sns and Duf trigger distinct 
actin cytoskeletal rearrangement at cell-cell contact sites. Cells were cotransfected with hemagglutinin-tagged Eff-1 (Eff-1—HA), GFP-moesin, and Sns-V5 (H) or 
Duf-V5 (I), and stained with antibodies to V5 (red) and HA (cyan). F-actin was visualized by GFP-moesin (green). Boxed areas are magnified in insets; schematic 
drawings of F-actin are shown at the right. Arrow in (H): an F-actin—enriched focus associated with Sns and Eff-1 accumulation at a cell-cell contact site. Arrows in 
(I): cell-cell contact sites enriched with Duf but not F-actin. Scale bars, 40 um [(A) to (E)], 10 um [(H) and (1). 
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along the invasive fingers (fig. S13, B and B’). 
Thus, in Sns-Eff-1—induced cell fusion, Arp2/3- 
mediated actin polymerization generates finger- 
like membrane protrusions that promote Eff-1 
engagement across the apposing cell membranes. 

To determine whether actin-propelled mem- 
brane protrusions are generally involved in cell-cell 
fusion, we investigated how integrin modulated 
Eff-1—mediated fusion. Loss or gain of aPS2 
function abolished or enhanced Eff-1—mediated 
cell fusion commensurate with the strength of 


cell-matrix adhesion (Fig. 1, E and F, and Fig. 4, 
A to C). Unlike Sns-Eff-1—induced fusion, aPS2- 
Eff-1—induced fusion only required Scar but not 
the WASP-WIP complex (Fig. 4A and fig. S14A), 
the latter of which is normally recruited to sites 
of myoblast fusion by Sns in Drosophila (11, 12). 
As a consequence, oPS2-Eff-1—expressing cells 
formed numerous F-actin—containing hairlike 
projections, instead of dense F-actin foci, along the 
broad cell-cell contact zone (Fig. 4D and movie 
$10). Notably, cells expressing Eff-1 alone also 
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occasionally formed multiple hairlike projec- 
tions along cell-cell contact zones (Fig. 4E), and 
RNAi of Scar, but not of WASP or WIP, abol- 
ished the basal level of Eff-1—mediated cell fu- 
sion (Fig. 4B and fig. S14B). STORM and EM 
analyses revealed individual fingerlike protru- 
sions sparsely localized at the cell periphery and 
along the cell-cell contact zone of oPS2-Eff1— 
expressing cells (Fig. 3B and Fig. 4, F and G, b 
and c), corresponding to the hairlike projec- 
tions visualized by confocal microscopy (Fig. 4D). 
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Fig. 2. Actin-propelled invasive fingerlike protrusions promote 
high-efficiency cell fusion in Sns-Eff-1—expressing S2R+ cells. (A) A 
dynamic F-actin focus mediating cell fusion. Cells coexpressing Eff-1, Sns, and 
GFP-moesin were subjected to time-lapse imaging. Stills from representative 
movie S3 are shown; 0 min corresponds to 3:00:51 in movie $3. Arrow indi- 
cates the F-actin focus at the protruding tip of cell a, which was about to fuse 
with cell b. Scale bar, 10 um. (B) Arp2/3-mediated actin polymerization is 
required for Sns-enhanced cell fusion. Data are fusion indices (+SD) resulting 
from RNAi knockdown of Sns, WASP, WIP, or Scar in cells coexpressing Sns and 
Eff-1 treated with corresponding double-stranded RNA (dsRNA). Statistical 
significance was determined using the two-tailed Student t test (***P < 0.001) 
by comparing control and RNAi samples. (C and D) FRAP assays of WASP, 
Scar, and Sns at sites of fusion. Sns-mCherry and WASP-GFP (or Scar-GFP) foci 
were photobleached and monitored with respect to recovery percentage (C) 
and recovery half-time (D) in cells coexpressing Eff-1, Sns-mCherry, and 
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WASP-GFP (or Scar-GFP). N = 4; error bars denote SD. (E and F) Effects of 
chimeric proteins of cell adhesion molecules and Arp2/3 regulators on cell 
fusion. Cells were transfected with Eff-1 alone or cotransfected with Eff-1 
and indicated plasmids. Fusion indices (tSD) were quantified as described. 
(Gand H) Sns and Eff-1 accumulate in distinct clusters on the cell membrane 
along the fingerlike protrusions. Cells cotransfected with Sns-V5 and Eff-1—HA 
were stained with antibodies to V5 (red), HA [green in (G)], and actin [green 
in (H)], and subjected to STORM analysis. Images were acquired by either 
wide-field microscopy (a) or STORM [(b) to (d”’)]. Boxed area in (a) and (b) is 
enlarged in (c); boxed area in (c) is enlarged in (d) to (d’’). Arrow in (a) and (b) 
indicates fingerlike protrusions extending from a cell to its fusion partner. In 
(G), distinct clusters of Sns and Eff-1 are indicated by arrows in (d) and 
arrowheads in (d’) and (d’), respectively. In (H), arrowheads in (d) to (d”’) 
indicate the frequently overlapping signals of Sns and actin. Scale bars, 20 um 
[(a) and (b)], 500 nm (c), 100 nm [(d) to (d”’)]. 
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Fig. 3. Invasive fingerlike membrane 
protrusions promote fusogenic protein 
engagement. (A) Electron micrographs 
of Sns-Eff-1—expressing cells. Boxed area in 
(A) is enlarged in (A’); boxed area in (A’) is 
enlarged in (A’’). (A) Low-magnification view 
of two adherent cells. (A?) Cell on the right 
(pseudo-colored purple) extended a group 
of fingerlike protrusions (black arrows) to 
invade the cell on the left. Segments of 
electron-dense materials were present on 
the membranes along the protrusive fingers 
but were absent elsewhere on the cell mem- 
brane (magenta arrows). (A“’) At higher 
magnification, the electron-dense materials 
showed a ladderlike pattern between the two 
apposing cell membranes (red arrowheads). 
(B) Electron micrographs of «PS2-Eff-1— 
expressing cells. Boxed area in (B) is en- 
larged in (B); boxed area in (B’) is enlarged 
in (B’). (B) Low-magnification view of two 
adherent cells. (B’) Cell at the top (pseudo- 
colored purple) extended individual finger- 
like protrusions to invade the cell at the 
bottom. The invasive fingers (black arrows) were scattered along the broad cell-cell 
contact zone and were associated with segments of electron-dense materials, which 
were absent elsewhere on the cell membrane (magenta arrows). (B’’) At higher 
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magnification, the electron-dense materials also showed a ladderlike appearance 
(red arrowheads) between the two apposing membranes, as in Sns-Eff-1—expressing 
cells (A’’). Scale bars, 500 nm [(A), (A’), (B), and (B’)], 100 nm [(A’’) and (B’’)]. 


Schematic 


G ® in detached population 
- © in attached population oPS2/Eff-1 
8 VG 
a] 
2 
g 
a 
s 
3 
x G o.PS2/Actin 


Fig. 4. F-actin—-enriched hairlike projections promote 
cell fusion in o@PS2-Eff-1-expressing S2R+ cells. (A) 
Scar, but not WASP-WIP, is required for o.PS2-Eff-1—induced 
cell fusion. Fusion indices resulting from RNAi knockdown of Sns, WASP, WIP, 
Scar, or aPS2 in aPS2-Eff-1—expressing cells are shown. (B) Cell fusion induced 
by Eff-1 alone is mediated by endogenous Scar and oPS2. Fusion indices re- 
sulting from RNAi knockdown of indicated genes in Eff-1—expressing cells are 
shown. (C) Cells overexpressing «PS2 show stronger adhesion to the culture 
dish. Cells expressing indicated proteins were subjected to adhesion assays 
(see supplementary materials). aPS2 expression reduced the percentage of 
transfected cells in the detached population. Error bars in (A) to (C) denote SD. 
(D and E) F-actin—enriched hairlike projections along the cell-cell contact zone 
of oPS2-Eff-1— and Eff-1—expressing cells. Cells were transfected with GFP-moesin 
and oPS2-Eff-1 (D) or Eff-1 alone (E), and stained with antibodies to V5 (red; 
aPS2-V5) and HA (cyan; Eff-1-HA). Boxed areas are magnified in insets; sche- 
matic drawings of F-actin are at the right. Inset in (D) shows F-actin—enriched 


hairlike projections at the cell-cell contact zone of «PS2-Eff-1—expressing cells. 
Arrow in (D) to (D’”’) indicates a small punctum of aPS2 within a hairlike pro- 
jection. Inset in (E) shows the occasionally observed F-actin—enriched pro- 
jections (one indicated by arrow) in Eff-1—expressing cells. Scale bars, 10 um. 
(F and G) Distinct distribution of «PS2 and Eff-1 on the membrane along the 
F-actin—enriched fingerlike protrusions. Cells cotransfected with aPS2-V5 and 
Eff-1—HA were stained with antibodies to V5 (red), HA [green in (F)], and actin 
[green in (G)] and subjected to STORM analysis. Images were acquired by 
either wide-field microscopy (a) or STORM [(b) to (d’’)]. Boxed area in (a) and 
(b) is enlarged in (); boxed area in (c) is enlarged in (d) to (d’’). Arrows in (c) 
indicate individual fingerlike protrusions. Arrow in (d) and (d’’) and arrow- 
heads in (d’) and (d’’) indicate distinct domains of aPS2 and Eff-1 (or actin). 
Scale bars, 20 um [(a) and (b)], 500 nm (c), 100 nm [(d) to (d’)]. 
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These fingerlike protrusions contained Eff-1 
clusters on the membrane (Fig. 4F, d and d’’) 
and were anchored at their basal side by exog- 
enous aPS2 (Fig. 4, F and G, d to d’’). As in 
Sns-Eff-1—expressing cells (Fig. 3A’’), the in- 
vasive fingers in oPS2-Eff-1—expressing cells 
contained segments of electron-dense ladders 
(Fig. 3B’’) corresponding to the Eff-1 clusters 
observed by STORM (Fig. 4F, d’ and d’’). Thus, 
despite the differences in the requirement of 
actin regulators (Scar versus Scar- WASP) and 
the overall morphology of F-actin enrichment 
(hairs versus foci), aPS2-Eff-1—expressing cells 
and Sns-Eff1—expressing cells use similar inva- 
sive fingerlike membrane protrusions to pro- 
mote fusogenic protein engagement during cell 
fusion. 

Our studies reveal two fundamental principles 
underlying cell-cell fusion. First, a transmem- 
brane fusogenic protein is indispensable for cell- 
cell fusion, because fusion does not occur without 
a fusogenic protein, irrespective of actin cyto- 
skeletal remodeling. Second, the actin cytoskeleton 
provides an active driving force for cell-cell fu- 
sion by generating membrane protrusions that are 
necessary and sufficient to promote fusion me- 
diated by fusogenic proteins. Membrane protru- 
sions induced by different adhesion molecules 
share common characteristics of invasiveness and 
engagement of fusogenic proteins and therefore 
represent a general cell-cell fusion mechanism. 
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Theta-Frequency Resonance Despite 
Similar Coding of Space 


James G. Heys,** Katrina M. MacLeod,” Cynthia F. Moss,? Michael E. Hasselmo** 


Both bats and rats exhibit grid cells in medial entorhinal cortex that fire as they visit a regular 
array of spatial locations. In rats, grid-cell firing field properties correlate with theta-frequency 
rhythmicity of spiking and membrane-potential resonance; however, bat grid cells do not exhibit 
theta rhythmic spiking, generating controversy over the role of theta rhythm. To test whether this 
discrepancy reflects differences in rhythmicity at a cellular level, we performed whole-cell patch 
recordings from entorhinal neurons in both species to record theta-frequency resonance. Bat neurons 
showed no theta-frequency resonance, suggesting grid-cell coding via different mechanisms in bats 
and rats or lack of theta rhythmic contributions to grid-cell firing in either species. 


he medial entorhinal cortex (mEC) of ro- 
‘Te humans, nonhuman primates, and 

bats encodes space by using similar neural 
firing patterns (/—5). Unit recordings from awake- 
behaving rodents and bats demonstrate that sin- 
gle neurons in the mEC, termed grid cells, fire 
when an animal traverses spatial locations on a 
periodic triangular array, tiling the environment. 
In rodents, grid-cell coding correlates with rhyth- 
micity at theta frequency (4 to 10 Hz). Subthresh- 
old membrane-potential resonance (sMPR) at 
theta frequency matches the anatomical dis- 
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tribution of grid cells (6) and differs along the 
dorsal-to-ventral axis of rodent mEC (7—//), in 
proportion with grid-cell firing field properties 
(2). Rodent grid-cell spiking shows precession 
in theta phase relative to location (/2), theta 
rhythmicity correlated with grid field properties 
and running velocity (/3, 14), and loss of spatial 
periodicity in the absence of network theta 
thythm (/5, /6). 

However, bat recordings demonstrate grid 
cells in mEC and place cells in the hippocampus 
in the absence of continuous theta-frequency 
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rhythmicity in field potentials or spike-train auto- 
correlograms (5, /7), arguing against theta-rhythmic 
mechanisms for grid-cell firing, but controversy 
remains that theta rhythmicity could be masked 
by low firing rates in bat grid cells (78). To test for 
intrinsic theta-rhythmic mechanisms in the bat 
species Eptesicus fuscus and Rousettus aegyp- 
tiacus, we made in vitro whole-cell patch record- 
ings in brain slices, looking for theta-frequency 
sMPR. In contrast to layer II stellate cells in ro- 
dent mEC, layer II neurons of bat mEC do not 
show theta-frequency sMPR. These data corrob- 
orate earlier bat unit recording data (5, 77) showing 
that continuous theta rhythmicity during naviga- 
tion is not present in all mammalian species. 
Previous studies demonstrated that parahip- 
pocampal areas in bat and rodent brains show 
similar anatomical organization (5, 19, 20). Neu- 
rons loaded with biocytin during whole-cell patch 
clamp recordings in horizontal brain slices were 
stained to reveal position and morphology (Fig. 1). 
Rat neurons were layer II stellate cells on the 


1Graduate Program for Neuroscience, Center for Memory 
and Brain, Boston University, 2 Cummington Street, Boston, 
MA 02215, USA. “Department of Biology, University of Mary- 
land, College Park, MD 20742, USA. Department of Psy- 
chology, University of Maryland, College Park, MD 20742, 
USA. “Department of Psychology, Center for Memory and 
Brain, Boston University, 2 Cummington Street, Boston, MA 
02215, USA. 


*Corresponding author. E-mail: hasselmo@bu.edu (M.E.H.); 
jimheys@bu.edu (J.G.H.) 


363 


i REPORTS 


364 


Fig. 1. Anatomy and mor- 
phology of layer II mEC neu- 
rons in bat and rat. Low-power 
images of neurons recorded in 
mECs from bat (A) and rat (B) in 
ventral (left) and dorsal (right) 
positions. High-power images 
show that mEC neurons in bat 
(© and rat (D) have stellatelike 
appearance in ventral (left) and 
dorsal (right) locations. Recording 
locations labeled for bat (blue) 
(E) and rat neurons (green) (F) 
in ventral (left) and dorsal slices 
(right). Arrows indicate approx- 
imate mEC borders based on 
anatomical studies (20). 


ventral 


dorsal 


basis of position, morphology, and electrophys- 
iology (2/, 22). Bat neurons showed similar pat- 
terns of arborization compared to rat stellate cells 
(Fig. 1, C and D). To ensure that bat recordings 
included mEC neurons, we sampled a wide range 
of medial to lateral parahippocampal positions 
(Fig. 1E and fig. $1). 

Recordings from layer II mEC cells with stel- 
late morphology demonstrate prominent electro- 
physiological differences between the species. 
Impedance profiles from bat layer II cells do not 
show the characteristic theta-frequency sMPR 
present in rat stellate cells (Fig. 2 and fig. S2). 
Mean resonance frequency measured at a mem- 
brane potential of -70 mV in bat neurons was 
1.67 + 0.13 Hz (SE) (n = 24), contrasting with 
theta-band resonance frequency in rat of 8.45 + 
1.19 Hz (n = 13) (P < 0.01) (Fig. 2E). Mean 
resonance frequency at -80 mV in bat was 1.77 + 
0.17 Hz (n = 24) and 8.86 + 1.03 Hz (n = 12) in 
rat (P< 0.01) (Fig. 2F). Mean resonance strength 
in bat was 1.10 + 0.02 at —-70 mV (Fig. 2E) and 
1.06 + 0.01 (n = 24 cells) at-80 mV (Fig. 2F). In 
contrast, rat neurons show a band-pass imped- 
ance profile with a mean resonance strength of 
1.47 + 0.07 (n= 13) (P<0.01) at—70 mV (Fig. 2E) 
and 1.36 + 0.04 (n= 12 cells) (P< 0.01) at-80 mV 
(Fig. 2F). 

Rat stellate cells show a large, inwardly rec- 
tifying current during hyperpolarizing input from 
expression of h current (/,) (22-24), causing a 
depolarizing sag in voltage. Bat mEC neurons 
had significantly smaller sag ratio at multiple 
membrane potentials [sag ratio at—80 mV for bat 
was 0.13 + 0.02 (n = 26 cells); for rat, 0.32 + 0.02 
(n= 14 cells) (P <0.01)] (Fig. 3B). The sag time 
constant was significantly slower in bat neurons 
[sag time constant at -80 mV in bat, 178.88 + 
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Fig. 2. Lack of theta-frequency resonance in bat neurons. Responses are shown for single bat neurons 
(blue, top) and single rat stellate cells (green, bottom), measured at membrane potentials (V,,,) of -70 (A) and 
—80 mV (B). Normalized impedance plots from responses shown in (A) and (B) are depicted in (C) and (D). Box 
plots depict the quartiles of the resonance frequency measured at —70 (E) and —80 mV (F). **P < 0.01. 
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Fig. 3. Membrane potential sag is weaker and slower in bat neurons. 
(A) Voltage responses measured at steady-state membrane potentials of —80 
(left), -75 (middle), and —70 mV (right). Sag ratios (B) and time constants (C) in 
bat (blue) and rat (green) neurons at —80 (left), -75 (middle), and -70 mV 


24.55 ms (n = 24); in rat, 53.45 + 9.85 ms (1 = 
14) (P < 0.01)] (Fig. 3C). However, inward rec- 
tification was still notable in many bat cells. The 
sag ratio across all bat neurons at —-80 mV 
exhibited a bimodal distribution (Fig. 3D). With 
a third-order Gaussian fit, the second mode oc- 
curred at a sag ratio of 0.181. The 75th quartile 
sag response reflects the larger sag response in 
some bat neurons (Fig. 3A). The mean resonance 
frequency of bat neurons exhibiting the largest 
quartile sag ratio is still well below theta frequen- 
cy (2.12 + 0.32 Hz, n = 6). To demonstrate that 
sag in bat neurons arises from h current, we ap- 
plied hyperpolarizing current steps in control 
artificial cerebrospinal fluid and after bath appli- 
cation of 10 uM ZD7288. Sag response (Fig. 3E) 
and resonance (Fig. 3F) were abolished after 
blockade of /, (input current was adjusted for 
initial voltage of-60 mV and steady-state voltage 
of—80 mV), consistent with loss of theta frequen- 
cy sMPR and sag in rat stellate cells during block- 
ade of h current or genetic knockout of HCN1 
(8, 10, 24, 25). 

Even bat neurons showing sag potentials did 
not reveal theta-frequency sMPR. To explain this, 
we built two biophysical conductance models 
(materials and methods) with morphological and 
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Rat 


electrophysiological properties of bat and rat neu- 
rons. A simplified model used h-current conduct- 
ance density (G;,) and time constant (t),) based on 
single exponential fit to the sag response (Fig. 4A). 
The optimal parameterization combines lower- 
amplitude G,, (Fig. 4C, left) and slower 1, (Fig. 
AC, right) to match the sag response and non— 
theta-frequency resonance in bat experiments 
compared with theta-frequency resonance in rats 
(Fig. 4E). For rat and bat neurons, 20,000 simu- 
lations with different parameters showed that the 
experimentally derived sag ratio and time con- 
stant only occur at a single localized region of 
parameter space (Fig. 4G). By using a double 
exponential form of /,, models simulated both the 
fast and slow component of the sag response 
(Fig. 4B). Similar to previous models of rat stel- 
late cells (0, 23, 26), optimal fits gave a fast h 
current conductance density about 4.5 times larger 
than slow h current (Fig. 4D). In contrast, best fits 
for the bat gave a slow h current conductance 
density 1.3 times larger than the fast conductance 
(Fig. 4D). 

The lack of theta rhythmicity in spike-train 
autocorrelograms from bat grid cells and place 
cells (5, /7) has been argued to result from the 
low firing rate and short recording time of bat 
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(right). **P < 0.01. (D) A histogram of bat sag ratios at -80 mV appears 
bimodal. (E) Sag responses in bat cell 1 (left) and cell 2 (right) in control are 
abolished in 10 uM ZD788. (F) Impedance profile in control for cell 1 (left) and 
cell 2 (right) in control and after application of ZD7288. 


neurons that could obscure theta rhythmicity (78). 
To address these issues, our study sought to di- 
rectly measure intrinsic intracellular mechanisms 
and showed a lack of theta-frequency properties 
in layer II neurons with stellate morphology in 
the bat, unlike the theta-frequency resonance of 
rat stellate cells. In line with other work (5), this 
suggests that theta-frequency resonance in the bat 
cannot provide a mechanism for grid-cell models 
(27). The lack of continuous theta-rhythmic spik- 
ing in the behaving bat and theta-rhythmic in- 
trinsic cellular properties in slices of bat entorhinal 
cortex suggest that continuous theta may not be 
a general cross-species physiological mechanism 
in the mammalian entorhinal cortex and hippo- 
campus (5, /7). Bat neurons do show a peak in 
the impedance profile below 2 Hz, hinting that 
grid-cell mechanisms could involve lower fre- 
quencies, but the low resonance strength in bat 
corresponds to smaller rebound depolarization 
that reduces the capacity to generate grid-cell 
periodicity in both oscillatory interference and 
attractor models (28). 

Previous data indicate that /, in rodent stellate 
cells is critical for theta-frequency sMPR (8, 24). 
Our recordings from layer II neurons in bat mEC 
reveal a notable sag response and expression of 
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J,. However, our simulations indicate that the 
non-theta-rhythmic response in the bat is due to 
smaller and slower h current than in rat stellate 
cells, similar to the smaller sag seen in nonhuman 
primates (29). Mice with forebrain-restricted HCN1 
knockout (30) exhibit grid cells with larger size 
and spacing of grid fields compared with those of 
controls. Knockout of HCN1 reduced theta fre- 
quency sMPR (8, 24), suggesting the increase in 
spacing resulted from decreased resonance fre- 
quency and supporting the hypothesis that reso- 
nance contributes to grid-cell formation in rodents. 
However, lack of theta rhythmic resonance in bat 
suggests an alternative interpretation that theta- 
frequency sMPR is not necessary for grid cells in 
the rodent. /,, underlies other neuronal properties, 
including control of resting membrane potential, 


= 600 
400 
camnsed) 


Fig. 4. Biophysical models of layer Il mEC neurons from bat and 
rat show that weaker and slower h current accounts for lack of 
theta-frequency resonance in bat neurons. The single-component 
(A) and double-component h current model (B) were fit to mean 
experimental sag responses in bat (blue, left) and rat (green, right). 
Optimal parameter fits for reduced (C) and full (D) models for G, for bat 
(blue, left) and rat (green, left) and fits for t, for the bat (blue, right) and 
rat model neuron (green, right). After fitting sag response, the reduced 
(E) and full (F) models can predict resonance frequency for bat (blue; 


left) and rat (green, right). (G) Sag ratio simulations using different G,, 
(1 x 10 to 1 x 10-* S/cm?) and activation time constants (5 to 1000 ms). Black circles show densities and time constants matching experimental sag ratio 
for bat (left) and rat (right). Color shows difference between model and experimental sag time constants for bat (left) and rat (right). 


spiking threshold, bistability, normalization of syn- 
aptic input, time course of after-hyperpolarization 
potentials, and synaptic integration and shape 
of synaptic responses (24, 26, 3/—35). }, could 
therefore influence grid-cell properties through 
mechanisms independent of theta-frequency 
resonance. 

Rodentia and Microchiroptera are phylo- 
genetically distant (36), and the absence of theta 
rhythmicity in bats (5, /7) raises the question of 
whether grid cells could have arisen indepen- 
dently in the two lineages because of similar 
selective pressures for spatial navigation. Evi- 
dence for convergent neural coding across spe- 
cies can be found in sound localization and 
olfaction (37-39). Until evidence for convergent 
evolution in grid-cell formation is established, 


slice and whole-animal recordings from bats chal- 
lenge models of space representation that rely on 
continuous theta rhythm. 
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Representation of Three-Dimensional 
Space in the Hippocampus 


of Flying Bats 


Michael M. Yartsev and Nachum Ulanovsky* 


Many animals, on air, water, or land, navigate in three-dimensional (3D) environments, yet it 
remains unclear how brain circuits encode the animal's 3D position. We recorded single neurons 
in freely flying bats, using a wireless neural-telemetry system, and studied how hippocampal 
place cells encode 3D volumetric space during flight. Individual place cells were active in confined 
3D volumes, and in >90% of the neurons, all three axes were encoded with similar resolution. 
The 3D place fields from different neurons spanned different locations and collectively represented 
uniformly the available space in the room. Theta rhythmicity was absent in the firing patterns 

of 3D place cells. These results suggest that the bat hippocampus represents 3D volumetric space 


by a uniform and nearly isotropic rate code. 


avigation is crucial for survival, and the 
N= to navigate cuts across the animal 

kingdom. Several navigational strategies 
are used by animals, among them maplike nav- 
igation (/). This strategy relies on a set of brain 
structures, at the hub of which is the hippocam- 
pus (/, 2). This brain area contains “place cells,” 
neurons that activate when the animal enters a 
restricted region of the environment, the place 
field (/, 2). Since the discovery of place cells in 
rodents, these neurons have been reported across 
mammalian species (/—9), and their functional 
properties have been extensively researched 
(/, 2). However, the spatial and temporal prop- 
erties of place cells have never been studied in 
animals moving freely through 3D volumet- 
ric space, without any constraints to particular 
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planes of motion. Indeed, in all studies to date, 
animals have always been navigating on one- 
or two-dimensional (2D) planes (/, /0)—either 
horizontal (5, 7, 1/—/5), tilted (3, 4, 16-18), or 
vertical (9, 73, 16)—and thus it remains un- 
resolved how place cells encode the animal’s 
position throughout the entire volume of a 3D 
volumetric space. We developed wireless record- 
ing methodology for freely flying animals (/9) 
and recorded single-neuron activity from hip- 
pocampal area CA1 of Egyptian fruit bats flying 
through 3D space. 

Bats were tested in one of two setups: either 
a large cuboid-shaped flight room, where bats 
performed a naturalistic foraging task (Fig. 1A 
and fig. S1; room size 580 « 460 x 270 cm; n = 
3 bats) or a 3D cubic flight arena of smaller 
dimensions, where bats searched randomly for 
food (fig. S2; room size 290 x 280 x 270 cm; 
n = 2 bats) (19). In both setups, bats exhibited 
complex naturalistic flight trajectories, during 
which they moved through all the three dimen- 
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sions of the room (Fig. 1B and fig. S3), tra- 
versed large distances (Fig. 1C, left), and flew at 
high speeds (Fig. 1C, right; and fig. $4). These 
flight maneuvers resulted in dense and rather 
uniform coverage of the environment's 3D vol- 
ume (figs. SS and S6). 

Single-unit activity was recorded from freely 
flying bats, using a tetrode-based microdrive 
and a custom lightweight four-channel neural 
telemetry system designed for flying bats (Fig. 1, 
D to F, and figs. S7 to S10). The telemetry sys- 
tem allowed the transmission of action poten- 
tials from the four channels of one tetrode, with 
high fidelity (Fig. 1, D, E, and G, and figs. S7 
to $9), throughout all the locations in the flight 
room (figs. S7 and S8) and with very little in- 
terference from movement-related noise (fig. 
S11) (20). 

The ability to monitor 3D spatial position 
and record the activity of individual neurons in 
freely flying bats allowed studying the spatial 
coding of 3D volumetric space by hippocampal 
neurons. We recorded a total of 139 well-isolated 
neurons from five bats in the dorsal CAI re- 
gion of the hippocampus (/9). About half of 
the cells [73 out of 139 (73/139) or 53%] were 
active during flight, and 75% of the active cells 
(55/73) were classified as place cells (fig. S12), 
becoming active when the bat flew through a 
restricted volume of the available environment 
(/9). Figure 2, A to E, shows the spatial spiking 
activity of a single hippocampal neuron recorded 
during flight. This neuron fired nearly exclusively 
in a confined region of the environment, and 
this region was restricted in all three dimensions 
(Fig. 2, A and B, and fig. S13). The firing field 
of this neuron remained highly stable across the 
recording session, both in its spatial location and 
its firing rate (Fig. 2, C and D, and fig. S14A); 
furthermore, the cell was reliably activated on 
most of the individual flight passes through the 
place field (Fig. 2E). Likewise, the majority 
(75%) of neurons that were active during flight 
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exhibited strong spatial tuning (Fig. 2, F to K, 
and fig. S15), and their firing fields were highly 
stable throughout the recording session (fig. S14, 
B and C)—similar to previous reports for rat 
CAI place cells (/, 22-24). 

In both setups, the place fields of different 
neurons varied in size and location and spanned 
much of the available 3D space (Fig. 3, A to D). 
Most place cells discharged within a single 3D 
firing field (62%; Fig. 3, E and F). The fraction 
of cells with two or more fields was higher in 
the large cuboid flight room (43% or 15/35, 
Fig. 3E) than in the smaller cubic enclosure 
(30% or 6/20 cells; Fig. 3F; bootstrap test, P< 
0.001) (79), which is in agreement with pre- 
vious reports in rats, where the number of 2D 
firing fields increased with the size of the en- 
vironment (2/). 


Next we asked whether 3D space is repre- 
sented isotropically in the hippocampus of fly- 
ing bats; namely, do place fields have the same 
size in all dimensions? Across the population, 
the sizes of individual place fields along each of 
the three cardinal axes of the room were quite 
similar (Fig. 3, G and H). Utilizing the 3D volu- 
metric coverage of the room by the bats (fig. SIC 
and fig. $15), we then asked whether 3D place 
fields are spherical (isotropic), or perhaps anisot- 
ropy might be found along some noncardinal 
axis. We fitted a 3D ellipsoid to the place-field 
shape, where the ellipsoid was not constrained 
to be parallel to any of the room walls, and an 
“elongation index” was defined as the ratio of 
the longest to the shortest axes of the ellipsoid 
(fig. S16). To test for the significance of the com- 
puted elongation index, we implemented a shuf- 
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fling procedure in which we randomly redistributed 
the spikes of the place field along the bat's flight 
trajectory, constraining them to be within a per- 
fect sphere of the same volume as the ellipsoid, 
and tested whether the real elongation index was 
outside the shuffling-based confidence interval 
(79); that is, whether the actual elongation was 
significantly different from that expected from 
an underlying perfect sphere, given the animal’s 
behavior (Fig. 31). Only 9% of the fields (Fig. 31, 
red dots; 7/82 fields) showed significant elonga- 
tion, exhibiting compression along the z axis of 
the room (e.g., neuron | in fig. S17C), but some- 
times also diagonal field shapes (e.g., neuron 2 in 
fig. S17C). However, 91% of the place fields in 
both arenas (75/82 fields) were not significant- 
ly different from an underlying sphere (Fig. 31, 
green dots; examples in fig. S17C, neurons 3 
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Fig. 1. Behavioral and neural recordings from freely flying bats. (A) Egyptian 
fruit bats were flying freely in a large cuboid-shaped room, searching for food hid- 
den in the arms of an artificial tree in the center of the room. cam1 and -2, cameras; 
mic1 and -2, ultrasonic microphones; ant1 and -2, receiving antennas for neural te- 
lemetry signal. The room, tree, and bat are drawn to scale; cameras, antennas, and 
microphones are enlarged here for display purposes. (B) Examples of 3D flight 
trajectories of bats. Circles, video frames (25 Hz); the arrowhead indicates the start of 
flight. Flight durations, from left to right, were 8.0, 7.7, and 6.8 s, respectively. (C) 
Distribution of total flight distances (left), mean velocity (center), and peak flight 
velocity (right) across all recording sessions in the cuboid setup. (D and E) Simul- 
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taneous wired (tethered) and wireless neural recordings. (D) Top: Raw neural trace recorded from bat hippocampal area CA1 from a single channel of 
the tetrode, before transmission (top), after transmission (bottom), and overlay (center). Bottom: Zoom-in onto a single action potential. (E) 2D 
projections of spike energies of CA1 neurons, before (top) and after (bottom) wireless transmission. Red and blue dots, clusters corresponding to two 
neurons; red dots in (E) are spikes from the red cluster. (F) Telemetry system on a flying bat, drawn to scale [illustration: S. Kaufman]. (G) Neural 
traces (right) from the four channels of a tetrode, recorded from bat CA1 during one flight segment (left, gray; the magenta portion corresponds to the 
duration of the neural traces shown on the right). 
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and 4). Further, comparing the field sizes spe- 
cifically along the x,y,z cardinal axes of the room 
showed that, for these 91% of the fields, there 
was no significant elongation in any of the car- 
dinal directions (fig. S17A; Sign test, P> 0.15 for 
all comparisons). Thus, for the large majority of 
neurons, 3D place fields were indistinguishable 
from isotropic spheres. 


We next examined whether the locations and 
sizes of place fields are distributed uniformly 
across space, as indicated by the population 
plots in Fig. 3, A to D. Indeed, the size of place 
fields did not show significant correlation with 
the distance from the flight-enclosure center, 
in either of the setups, indicating similar reso- 
lution at room center and near the walls (Fig. 
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3J; correlation coefficient: r = —0.20, P= 0.13 
for the rectangular cuboid flight-room; r 
—0.02, P= 0.91 for the cubic enclosure). Place 
fields were slightly bigger in the large cuboid 
flight room than in the smaller cubic flight 
enclosure (102.3 + 5.5 cm compared to 94,3 + 
6.9 cm, respectively). Field locations were dis- 
tributed quite uniformly, both along the radial 
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Fig. 2. Examples of 3D place cells recorded from the hippocampus of 
flying bats. (A to E) An example cell. (A) 3D representation of the neuron’s 
spatial firing. Top left: Spikes (red dots) overlaid on bat's position (gray lines); 
shown also are the spike waveforms on the four channels of the tetrode 
(mean + SD). Top right: 3D color-coded rate map, with peak firing rate 
indicated. Bottom: Convex hull encompassing the neuron’s place field (red 
polygon) and the volume covered by the bat during flight (gray polygon). (B) 
2D projections of the raw data (top) and color-coded rate maps (bottom). (C 
and D) Stability of the neuron’s spatial firing for the first versus second half 
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of the recording session; shown are 3D rate maps (C) and 2D projections 
(D). Peak firing rate is indicated for each map. (E) Reliability of firing across 
61 flight passes through the place field. Bottom: raster plot showing spikes 
during individual passes (time 0, point closest to field center). Top: Spike 
density function, unsmoothed; bin size, 40 ms. (F to K) Six additional place 
cells from the hippocampus of different bats. Same notation as in (A). When 
a neuron had more than one place field, different fields were marked with 
different colors (K). The neuron in (J) was recorded in the cubic enclosure; 
the other neurons are from the rectangular-cuboid room. 
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dimension (Fig. 3J) and along each of the three 
major axes (Fig. 3, K and L), indicating that the 
entire available environment was represented rather 
uniformly by the population of place cells. 
Most hippocampal neurons in rodents ex- 
hibit strong theta modulation of their firing rate, 
which can be readily observed in spike-train 


temporal autocorrelograms (22-25). However, 
it has been difficult to find firing-rate oscillations 
in the hippocampus of several other mammals, 
including wheeling monkeys (26) and crawling 
bats [(3, 5); fig. S18]. But could theta rhythmic- 
ity occur during flight? We hypothesized this 
might be the case, because flight entails several 


conditions favorable for the generation and de- 
tection of theta rhythmicity, such as high-velocity 
movements (fig. S4), high firing rates (Fig. 2 
and fig. $19), and strong oscillatory behaviors by 
the animal (fig. S20). Surprisingly, however, we 
found the opposite. The theta rhythmicity of hip- 
pocampal place cells was assessed by computing 
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Fig. 3. 3D space is encoded uniformly and nearly isotropically in the 
hippocampus of flying bats. (A to D) All the place fields recorded from 
the hippocampus of four individual bats (different colors denote different 
neurons). Bats 1 to 3 (A) to (C) were tested in the cuboid-shaped flight-room, 
bat 4 (D) in the cubic enclosure. (E and F) Distribution of the number of 
place fields per neuron, in each experimental setup. (G and H) Distribution 
of place-field size in each dimension (different colors), in the rectangular- 
cuboid (G) and cubic setup (H). Color-matched arrowheads indicate median 
values. (I) Elongation indices for all place fields in both setups, sorted in 


ascending order. Shaded area, 95% confidence intervals (19). Only a small 
fraction of place fields had a shape significantly different from a sphere (9%, 
or 7/82 fields, red dots), whereas 91% of place fields were not statistically 
different from a sphere (green dots). (J) Average place-field size versus dis- 
tance from room center in both setups (different colors); each symbol repre- 
sents a single place field. (K and L) Locations and sizes of all place fields in 
each dimension of the room (x,y,z) in the cuboid (K) and cubic (L) setup; each 
horizontal line represents the extent of a single place field, sorted by position 
separately for x,y,z; same colors as in (G) and (H). 
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a standard “theta index” (Fig. 4, A to C, and 
fig. S21) (79), which has been used in previous 
studies in rats and bats to assess theta rhythmic- 
ity (5, 23, 24). A statistical shuffling procedure 
was applied for each individual neuron to test 
for significance (or lack thereof) of theta mod- 
ulation in bat hippocampal neurons (/9). Only 
3.6% of the 3D place cells in both experimental 
setups (2/55 neurons) exhibited significant theta- 
modulated firing (79), but this rhythmicity was 
very weak (fig. S21) and, at the population level, 
was not different than would be expected by 
chance (binomial test, P= 0.77) (/9). The degree 
of theta modulation of bat hippocampal neurons 
was stably low when comparing crawling ver- 
sus the two flight setups (Fig. 4D), despite dra- 
matic increases in movement velocity (speeding 
up almost two orders of magnitude: Fig. 4, D 
and E, and figs. S4 and S19) and a much higher 
firing rate of neurons during rapid flight (Fig. 4E 
and fig. S19), Theta rhythmicity was not correlated 
with the bat’s echolocation rate (fig. S21H). 
Thus, we found a near-absence of spike-train 
theta rhythmicity in the bat hippocampus, both 


Fig. 4. Near-absence 
of theta rhythmicity 
in the firing of bat hip- 
pocampal place cells 
during flight. (A and 
B) Two example cells. 
From left to right: 3D 
color-coded rate maps, 
with peak firing rate in- 
dicated; spike-train tem- 
poral autocorrelograms; B 
power spectrum of auto- 
correlogram; and shuf- 
fled distribution of theta 
indexes (red lines, 95% 
confidence intervals; blue 
line, actual theta index 
of the neuron) (29). There 
was a near-absence of 
power in the theta band 
(5 to 11 Hz, gray rectan- 
gle in the third column; 
power normalized to 1). 
See fig. $21 for addition- 
al examples. (C) Theta 
indexes for all place cells 
from the rectangular- 
cuboid flight room (left) 
and cubic flight enclo- 
sure (right). Neurons are 
sorted by theta-index val- 
ues. Shaded area, 95% 
confidence intervals. Only 
a small fraction of place 
cells were significantly 1 
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during crawling and during free flight. These 
results are strikingly different from the robust 
theta-rhythmic spiking of place cells in rodents 
(2) but are consistent with our previous reports 
in crawling bats (3, 5). The near absence of 
theta modulation in the firing of hippocampal 
place cells in bats (this study) and monkeys (26) 
is incongruent with dual-oscillatory models of 
spatial coding (/, 2). 

What factors may shape the nearly isotropic 
3D coding that we found in >90% of bat hip- 
pocampal place cells during flight? Bats are 
mammals that naturally move and navigate in 
3D volumetric environments, and additionally 
their echolocation system provides them with 
volumetric 3D sensory information, including 
depth (/0, 27). Thus, isotropic 3D spatial coding 
might have evolved in bats because of the pres- 
sures to encode and retrieve 3D sensory infor- 
mation. This interpretation also implies possibly 
different encoding of 3D space in land-dwelling 
mammals that typically do not move volumet- 
rically in 3D during ontogeny but instead rely 
mainly on horizontal self-motion cues. Indeed, 
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theta-modulated (red 
dots: 3.6%, or 2/55 of 
neurons in both setups 
together), whereas near- 
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a recent study (/6) reported anisotropic coding 
in rat hippocampal neurons, with strong elon- 
gation of place fields in the vertical dimension 
[but see isotropic coding reported in a different 
study in rats (9) and discussion in (/0, 28)]. How- 
ever, movement through 3D volumetric spaces 
is characteristic for many nonflying mammals, 
and we hypothesize that, as in bats, this could 
have created an evolutionary pressure to repre- 
sent 3D volumetric position in the brain circuits 
of many species. The extent to which this pre- 
diction applies to humans is an intriguing question, 
because on one hand we evolved from monkeys 
that jumped across 3D volumes, but on the other 
hand we typically locomote along 2D surfaces. 
This will have to be studied in humans and mon- 
keys in real and virtual 3D settings. 

Finally, would these findings extend also 
to real-life navigation in the wild (29)? The 
average size of 3D place fields found here 
(~1 m) was consistent with the predictions ofa 
computation model of 3D place cells, for room- 
sized environments (30); the same model also 
predicts place fields on the order of kilometers 


Theta index: 
Data and shuffling 


10 20 


Theta index 


3D Cuboid 
3 (n = 35) 


i 


2D crawling 
3D Cube 
(n = 20) 


Theta index 


(n = 23) 


Mean velocity (cm/s) ae 


3D Cube 
2D crawling (n= 20) 


‘ 


3D Cuboid 
(n = 35) 


20 \ 
1 me 
0 3 


Theta index 


E 
7 


Peak firing rate (Hz) 


; 110 
Mean velocity (cm/s) 


ly all the place cells were not modulated (green dots: 96.4%, or 53/55 of neurons). (D and E) Theta indexes (D) and peak firing rates (E) as a function of the 
bat's velocity, under three different conditions (crawling, flying inside the cubic enclosure, or flying in the cuboid flight room). 
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in bats flying in their natural habitat. Further, 
navigation requires more than the hippocampal 
spatial signal: It also entails decision-making, 
goal-directed behaviors, sensory-motor integra- 
tion, and other cognitive processes (mediated by 
brain structures such as the striatum, cerebellum, 
and prefrontal and parietal cortices). Thus, to elu- 
cidate the neural basis of real-life navigation in 
bats (27, 29), it would be essential to record neu- 
ral activity from the hippocampal formation 
(and additional brain structures) in bats navigating 
over distances of kilometers. 
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Developmental Decline in Neuronal 
Regeneration by the Progressive 
Change of Two Intrinsic Timers 


Yan Zou,** Hui Chiu,’* Anna Zinovyeva,” Victor Ambros,” Chiou-Fen Chuang,*+ Chieh Chang’? 


Like mammalian neurons, Caenorhabditis elegans neurons lose axon regeneration ability as 
they age, but it is not known why. Here, we report that let-7 contributes to a developmental 
decline in anterior ventral microtubule (AVM) axon regeneration. In older AVM axons, let-7 
inhibits regeneration by down-regulating LIN-41, an important AVM axon regeneration—promoting 
factor. Whereas let-7 inhibits lin-41 expression in older neurons through the lin-41 3’ untranslated 
region, lin-41 inhibits /et-7 expression in younger neurons through Argonaute ALG-1. This 
reciprocal inhibition ensures that axon regeneration is inhibited only in older neurons. These 
findings show that a let-7-lin-41 regulatory circuit, which was previously shown to control 
timing of events in mitotic stem cell lineages, is reutilized in postmitotic neurons to control 


postdifferentiation events. 


e use Caenorhabditis elegans to study 
developmental decline in neuronal re- 
generation (Fig. 1A) (/). As in verte- 
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brates, advancing development leads to decreased 
axon regenerative capacity in C. elegans (Fig. 1C) 
(2-4). The timing mechanism that controls de- 
velopmental decline in neuronal regeneration is 
poorly understood (2—5). Because heterochronic 
genes are implicated in regulating developmen- 
tal timing and aging in C. elegans (6), we hy- 
pothesized that they might regulate developmental 
decline in neuronal regeneration. The hetero- 
chronic pathway involves a number of microRNA- 
regulated posttranscriptional genetic circuits (7, 8), 
including an important interaction between the 
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let-7 microRNA and its direct target, /in-4/, which 
encodes a tripartite motif (TRIM) protein (9, /0). 
We show here that /et-7 and lin-41 function in 
postmitotic neurons to time their differentiation 
and postdifferentiation events. Our study reveals 
that the intrinsic timing mechanism that controls 
developmental decline in neuronal regeneration 
depends on the progressive increase of /et-7 and 
the progressive decrease of /in-4/ in neurons, with 
let-7-lin-41 reciprocal inhibition having a role 
in this process. 

MicroRNA expression is either spatially re- 
stricted or temporally regulated in neuronal devel- 
opment (//—/4). To explore the role of microRNAs 
in neuronal regeneration, we examined anterior 
ventral microtubule (AVM) axon regeneration 
in mutants defective in microRNA biogenesis, 
der-1 and alg-1 (15). Although der-] hypomorphic 
mutant animals displayed normal AVM axon re- 
generation (fig. S1A), regenerating AVM neurons 
of adult a/g-/ mutants extended axons 2.5 times 
the length of those in adult wild-type animals 
(Fig. 1, B to D). In addition, regenerating axons 
of alg-/ adults often displayed compact growth 
cones (fig. S1C). These regeneration phenotypes 
in adult a/g-/ mutants are reminiscent of those 
in wild-type animals at an earlier developmental 
stage (Fig. 1, B to D, and fig. S1), which suggests 
that a/g-] mutations may retard a normal devel- 
opmental decline in axon regeneration. Consist- 
ent with this conclusion, we observe that, although 
AVM axon regeneration in a/g-/ mutants is sim- 
ilar to that of wild-type animals at the larval L2 
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stage (Fig. 1, C and D), during advanced L3-YA 
(young adult) stages, AVM axon regeneration is 
significantly reduced in wild-type animals, but 
is unchanged in a/g-/ mutants until day 4 of the 
adult stage (Fig. 1, C and D). 

We hypothesize that ALG-l—dependent 
microRNAs are likely to be expressed late to 
contribute to the observed developmental decline 
in axon regeneration. Stem-loop reverse transcription 
polymerase chain reaction (RT-PCR) was used to 
globally survey mature microRNA expression in 
C. elegans (fig. S2A). Among 90 microRNAs 
surveyed (fig. S2), we identified 10 late-onset 
microRNAs whose expression coincides with 
the developmental decline in axon regeneration 
(Fig. 2A). Among the 10 late-onset microRNAs 
identified, only /et-7, mir-84, and mir-24] are 
expressed in AVM neurons (Fig. 2, B to H, and 
fig. S3A). Out of those, only /et-7 maturation is 
affected in a/g-/ mutants (Fig. 21 and fig. S3B). 
In our assay using RNA preparations from staged 
animals, expression of the mature /et-7 micro- 
RNA is almost undetectable from embryonic to 
L2 stages and becomes apparent at L3 (Fig. 2A). 
To study specifically the expression of /et-7 in 
AVM, we developed a 2.9-kilobase /et-7 pro- 
moter reporter that stably expresses in AVM and 
whose expression levels in the whole animal at 
different stages correlate very well with the whole- 
animal stem-loop RT-PCR results (Fig. 2A and 
fig S3C). This /et-7 reporter is expressed at rela- 
tively low levels in AVM at L1 and L2 stages 
(Fig. 2, C and J) but is significantly elevated from 
L3 onward (Fig. 2, F and J). This indicates that 
let-7 is expressed at the right place and right 
time to contribute to the developmental decline 
in AVM axon regeneration. Several lines of evi- 
dence indicate that the effect of a/g-/] mutations 
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on AVM axon regeneration can be attributed to 
let-7 inactivation in AVM. First, /et-7 mutants 
display enhanced AVM axon regeneration to a 
similar extent to a/g-/ mutants (Fig. 2, K to M). 
Second, the effect of a/g-/ mutations on AVM 
axon regeneration is rescued by the /et-7 over- 
expression in AVM (Fig. 2M). Last, although the 
alg-] RNA interference (RNAi) causes enhanced 
AVM axon regeneration, it does not further 
enhance regeneration in /et-7 mutants (Fig. 2M). 

The temperature-sensitive allele used in this 
study, /et-7(n2853ts), is a point mutation in the 5’ 
seed region of the /et-7 microRNA. let-7(n2853ts) 
animals have normal /et-7 activity at the permis- 
sive temperature of 15°C but have reduced J/et-7 
activity at the nonpermissive temperature of 20°C. 
In Jet-7(n2853ts) mutants at 20°C, AVM axons 
regenerated to twice the length of those regen- 
erated in wild-type animals (Fig. 2M), which 
suggested that /ef-7 mutations recapitulate the 
alg-] mutant phenotype in enhancing AVM axon 
regeneration (Fig. 2M). /et-7(n2853ts) likely rep- 
resents a loss-of-function mutation in AVM at 
20°C, because /et-7(n2853ts) mutants display 
a similar degree of AVM axon regeneration at 
23°C as at 20°C (average axon regeneration is 
105 um at 23°C and 100 um at 20°C, P= 0.32). 
Like alg-] mutants, let-7(n2853ts) animals also 
display a retarded developmental decline in AVM 
axon regeneration (fig. S4, A and B). Regenerat- 
ing AVM neurons in /et-7(n2853ts) mutants not 
only extended longer axons, they also frequently 
displayed compact growth cones (fig. SID), a 
phenotype shared by al/g-/ mutants (fig. S1C). 
Some regenerating axons in /et-7 mutants only 
stop outgrowth as they are about to enter the 
nerve ring (Fig. 2L). The effect of /et-7 mutations 
on AVM axon regeneration appears to be cell 
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autonomous, as expression of /et-7 in AVM sig- 
nificantly rescued the /et-7 mutant phenotype of 
enhancing AVM axon regeneration (Fig. 2M). 

lin-4, like let-7, is a developmental timing 
microRNA and is expressed strongly in AVM 
(/4). AVM axon regeneration in /in-4 mutants is 
not significantly different from that in wild-type 
animals (fig. SSA), which suggests that different 
developmental-timing microRNAs play different 
roles in AVM: lin-4 is used to time AVM axon 
connectivity as reported previously (/4); /et-7 is 
used to time developmental decline in AVM axon 
regeneration. 

To determine whether the effect of /et-7 on 
axon regeneration represents a prior role for /et-7 
during development of the AVM to establish its 
regenerative potential or, rather, an acute require- 
ment for /et-7 during the process of regenera- 
tion, we performed temperature-shift experiments. 
We observed that /et-7(n2853ts) animals shifted 
to the nonpermissive temperature after injury ex- 
hibit better axon regeneration than wild-type ani- 
mals (fig. S5). These data indicate that /et-7 has 
an immediate effect in regenerating AVM neu- 
rons to inhibit their regenerative capacity. 

let-7 is expressed only weakly in AVM and 
anterior lateral microtubule (ALM) mechano- 
sensory neurons at the L1 stage (Fig. 2J) when 
AVM and ALM axon development is under way, 
which suggests that a low level of /et-7 may be 
necessary for normal axon development. To test 
whether elevated /et-7 would inhibit AVM and 
ALM axon outgrowth in development, we forced 
early expression of /et-7 in AVM and ALM using 
a cell-specific mec-4 promoter, which enables 
gene expression from the late embryonic stage 
onward. Forced early expression of /et-7 in AVM 
and ALM limits their axon outgrowth during 
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Fig. 1. alg-1 mutations slow developmental decline in AVM axon re- 
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generation. (A) AVM axon before, immediately after, and 24 hours after 
laser surgery in a wild-type animal. D (distal end) and P (proximal end) of 
severed axons. Red arrow points to the focus of laser plasma. Anterior is left, 


dorsal up. (B) The positions of regenerating axon termini in wild-type L2-stage 
animals, wild-type YAs, and alg-1 YAs. In each scatter plot, the top line (dorsal nerve cord), the bottom line (ventral nerve cord), and the wild-type AVM 
morphology before surgery (green) are shown. (C and D) Average AVM axon length in wild type (C) and alg-1 mutants (D) at different stages. Asterisks 
indicate cases in which latter stage animals differ from L2-stage animals at **P < 0.01; ***P < 0.001. Error bars indicate SEM. 
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development (fig. S6, A to G), which suggests 
that premature /et-7 expression closes early the 
window of plasticity for axon outgrowth. 

Abl-1 and lin-4/ are critical direct targets of 
let-7 in C. elegans developmental timing (/0, 16). 
hbl-1 encodes a transcription factor and LIN-41 
is a member of TRIM family of proteins. Anal- 
ysis of the promoter activity of Ab/-/ and lin-41] 
genes by using green fluorescent protein—fused 
promoter (promoter::GFP) reporters showed that 
lin-41 is expressed in AVM and ALM, but Ab/-/ 
is not (Fig. 3A). Also, /in-47 mutants (but not 
Abi-1 mutants) display significantly reduced AVM 
axon regeneration (Fig. 3, C and E). /in-4/ mu- 
tations suppress the /et-7 mutant phenotype of 
enhancing AVM axon regeneration, which sug- 
gests that /in-47 acts downstream of /et-7 in AVM 
(Fig. 3E). Consistent with a positive role for lin-4/ 
in promoting axon regeneration, overexpressing 
lin-41 in AVM enhanced AVM axon regenera- 
tion (Fig. 3, D and E). 

Consistent with a developmental down- 
regulation of Jin-4] in AVM by rising /et-7, an 
engineered genomic reporter containing the 5’, 
coding, and 3’ fragments of the /in-4] gene 
showed a stage-dependent decline in AVM (Fig. 
3B). This down-regulation of /in-4/ is likely via 


Fig. 2. The let-7 expression ~ 
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lated from populations of = mir-241 
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L3. (C to H) The let-7 promoter 
drives GFP expression in AVM 
and ALM touch neurons in L2- 
stage (C to E) and YA (F to H) 
animals. The Pmec-4::dsRED re- 
porter labels AVM and ALM. 
(I) Mature let-7 levels by stem- 
loop RT-PCR in alg-1 mutants 
versus wild-type animals at L3 
and YA stages. The value be- 
low each lane indicates amount 
of let-7 normalized to actin. (J) 
Average fluorescent intensity 
of the Plet-7::GFP reporter nor- 
malized to the Pmec-4::dsRED in 
AVM. Regenerating AVM axons 
in wild-type adult animals (K) 
and adult let-7(n2853) mu- 
tants (L). The dashed box in (L) 
delineates the growth cone, 
whose blown up image is 
shown in the inset. (M) Average 
AVM axon length. Asterisks in- 
dicate cases in which mutants 
differ from wild-type or a spe- 
Gific comparison is significantly 
different at **P < 0.001. 
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direct interaction of /et-7 with the lin-41 3’ un- 
translated region (3’UTR), as the expression of 
a GFP::lin-41 3'UTR sensor in adult AVM was 
higher in /et-7 mutants than in wild-type animals 
(fig. S7), and ectopic expression of /et-7 in younger 
AVM was sufficient to repress GFP: :lin-4] 3'UTR 
(fig. S8). 

lin-29, a zinc finger transcription factor of 
the C2H2 type (/7), is known to be inhibited 
by lin-41 (10). We show that /in-29 mutations 
cause enhanced AVM axon regeneration but do 
not further enhance regeneration in /et-7 mutants 
(Fig. 3E). In addition, /in-29 mutations suppress 
the /in-47 mutant phenotype of reducing AVM 
axon regeneration (Fig. 3E). Further, the level 
of the LIN-29::GFP fusion protein in AVM at the 
LI stage is significantly higher in /in-47 mutants 
than in wild-type animals (Fig. 3F). Together, 
our results indicate that /et-7/lin-4/ is acting via 
lin-29 to control AVM axon regeneration. 

A conserved mitogen-activated protein ki- 
nase (MAPK) pathway, including the DLK-I— 
MAPK kinase kinase and p38 kinase-PMK-3, 
controls axon regeneration in C. elegans (4). This 
pathway is negatively regulated by the conserved 
protein RPM-1 (4). We show that d/k-1 and pmk-3 
mutations suppress the enhanced AVM axon re- 
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generation of /et-7 mutants, which suggests that 
let-7 may act upstream of d/k-7 and pmk-3 (fig. 
S9A). Further, /in-4] mutations do not suppress 
the enhanced AVM axon regeneration of rpm-1 
mutants, whereas pmk-3 and d/k-7 mutations do, 
which suggests that /in-4/] may act upstream of 
or in parallel to rpm-/ (fig. S9A). Analysis of 
the RPM-1 level shows no difference between 
lin-4] mutants and wild-type animals (fig. S9B), 
which indicates that either LIN-41 is acting in 
parallel to RPM-1 or LIN-41 is acting through a 
posttranslational mechanism to indirectly regu- 
late RPM-1 activity but not its level. 

In wild-type animals, mature /et-7 microRNA 
is expressed at low levels before the L3 stage 
(Figs. 2A and 4A). In /in-4/ mutants, /et-7 is pre- 
cociously expressed at the LI stage (Fig. 4A), 
which indicates that /in-4] prevents the early- 
onset expression of /et-7. The expression inten- 
sity of a Plet-7::GFP reporter in the whole animal 
or in AVM is slightly lower instead of higher 
in Jin-4] mutants than in wild-type animals at 
LI to L3 stages (Fig. 4, B and C), which sug- 
gests that /in-4/ inhibits early expression of /et-7 
posttranscriptionally. 

Recent studies of mouse stem cells showed 
that mLin41 E3 ubiquitin ligase activity regulates 
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Argonaute2 turnover (/8). Our study shows that 
the ALG-1 Argonaute is required for /et-7 matu- 
ration in C. elegans (Fig. 21). To test whether 
LIN-41 inhibits the early-onset expression of 
let-7 through negative regulation of ALG-1, alg-1 
mutations were examined for their effects on 
let-7 expression in lin-47 mutants. In lin-4/; alg-1 
double mutants, /et-7 levels were restored to 
late-onset expression (Fig. 4A). Because only 
the ectopic (early) expression but not the normal 
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(late) expression of /et-7 was affected by alg-/ 
mutations in /in-4] mutants, this result sug- 
gests that LIN-41 may inhibit ALG-1 only at 
the early stage to repress early-onset /et-7 ex- 
pression. Indeed, LIN-41 is no longer able to 
down-regulate /et-7 expression in the adult stage 
(Fig. 4D). 

Consistent with this interpretation, the level 
of the ALG-1::GFP fusion protein in AVM at 
the LI stage was significantly higher in /in-41 
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mutants than in wild-type animals (Fig. 4E). 
Using a /in-4] promoter construct that drives 
the FLAG-tagged LIN-41 protein expression 
mainly in neurons (Fig. 3A), we tested whether 
immunoprecipitation (IP) of ALG-1 would co- 
precipitate the FLAG-tagged LIN-41 protein. 
Co-IP of FLAG::LIN-41 with ALG-1 was observed 
(Fig. 4F and fig. S10A), which suggests that 
these two proteins may form a complex in neu- 
rons. The relatively low LIN-41::FLAG signal 
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Fig. 3. The lin-41 expression study and the lin-41 effect on AVM axon 
regeneration. (A) Broad lin-41 expression in neurons at L2. SDQR is an 
interneuron. (B) The /et-7 promoter reporter and the engineered lin-41 ge- 
nomic reporter are temporally regulated in AVM neurons. Typical regenerating 
AVM axons in adult lin-41 mutants (C) and Ex/Pmec-4::lin-41] transgenic 


points to the terminus of regenerating axons. Anterior is left, dorsal up. (E) Aver- 
age AVM axon length. Asterisks indicate cases in which mutants or transgenic 
animals significantly differ from wild-type or a comparison between mutants is 
significantly different at ***P < 0.001. (F) Analysis of the level of the LIN-29::GFP 
fusion protein in AVM in lin-41 mutants versus wild-type animals at L1. Images 
shown are expression of the LIN-29::GFP fusion protein in the AVM nucleus. 


animals (D). Red arrowhead points to the axon break, and white arrowhead 
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Fig. 4. LIN-41 inhibits let-7 expression through ALG-1 at the early stage. 
(A) Analysis of temporal expression of mature let-7 microRNA in wild-type and 
lin-41 mutants by the stem-loop RT-PCR assay. Analysis of the /et-7 promoter 
activity in the whole animal (B) and AVM (C) in lin-41 mutants versus wild-type 
animals. (D) Stem-loop RT-PCR analysis of the mature /et-7 microRNA in wild-type 
and Ex/Plin-41::lin-41]. (E) Analysis of the expression of the ALG-1::GFP fusion 
protein in AVM in lin-41 mutants versus wild-type animals at L1. (F) IP of ALG- 
1 coprecipitates FLAG-tagged LIN-41. (G) Model of let-7—signaled developmental 
decline in AVM axon regeneration. 
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intensity in the ALG-1 IP suggests that only a 
subpopulation of LIN-41 is in complexes with 
ALG-1. Similarly, IP of GFP-tagged LIN-41 pulled 
down a subset of the ALG-1 protein population 
(fig. S10B). IP of small subsets of protein pop- 
ulations with components of microRNA-induced 
silencing complex has precedents (/5, /9). 

Even though /er-7 levels decline significantly 
by day 4 into the adult stage (fig. S11, A and B), 
AVM axon regeneration remained significantly 
enhanced in aged animals that either overex- 
press /in-41 or contain /et-7 mutations (fig. S11, 
C and D), which indicates that the /et-7/lin-41 
pathway regulates axon regeneration even in 
aged AVM. Furthermore, /et-7 mutations signif- 
icantly enhance, whereas /in-4/ mutations sig- 
nificantly reduce, axon regeneration in several 
neurons that coexpress both genes, which sug- 
gests that the role of /et-7/lin-4/ in regulating axon 
regeneration can be extended beyond AVM neu- 
rons (fig. S12). 

In this study, we show that /et-7 contributes 
to a developmental decline in AVM axon re- 
generation. We identify LIN-41 as an important 
AVM axon regeneration-promoting factor. /et-7 
represses /in-4/] expression to inhibit AVM axon 
regeneration in older neurons. Our results sug- 
gest a negative regulatory loop between /et-7 


and /in-4/] (Fig. 4G). In younger neurons, /in-4/ 
inhibits /et-7 expression through negative regu- 
lation of ALG-1. In older neurons, up-regulation 
of /et-7 overcomes the /in-4/ inhibition and, in 
turn, represses the /in-4] expression through the 
lin-41 3' UTR. Like C. elegans, mammals also 
exhibit a developmental decline in axon regener- 
ation. Our findings suggest that it may be pos- 
sible to enhance axon regeneration after injury 
through therapeutic inhibition of the /et-7 micro- 
RNA in neurons and, thereby, to restore their 
youthful regenerative capacity. 
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A Neural Marker of Perceptual 
Consciousness in Infants 
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Infants have a sophisticated behavioral and cognitive repertoire suggestive of a capacity for 
conscious reflection. Yet, demonstrating conscious access in infants remains challenging, mainly 
because they cannot report their thoughts. Here, to circumvent this problem, we studied whether 
an electrophysiological signature of consciousness found in adults, corresponding to a late 
nonlinear cortical response [~300 milliseconds (ms)] to brief pictures, already exists in infants. 
We recorded event-related potentials while 5-, 12-, and 15-month-old infants (NV = 80) viewed 
masked faces at various levels of visibility. In all age groups, we found a late slow wave showing 

a nonlinear profile at the expected perceptual thresholds. However, this late component shifted from 
a weak and delayed response in 5-month-olds (starting around 900 ms) to a more sustained and 
faster response in older infants (around 750 ms). These results reveal that the brain mechanisms 
underlying the threshold for conscious perception are already present in infancy but undergo a 


slow acceleration during development. 


ecent research shows that, in the first 
R= of life, preverbal infants already 

display an impressive array of cognitive 
competences. For instance, their eye movements 
betray a capacity to monitor other people’s be- 
liefs at 7 months (/) and to draw probabilistic 
predictions about visual scenes at 12 months 
(2). Given these complex behaviors, one might 
consider it obvious that infants already have a 
conscious experience of their environment. How- 
ever, this conclusion is unwarranted, because 
the presence of unconscious priming and “blind- 


sight” behaviors in normal and impaired adults 
(3, 4) shows that sophisticated processing can 
occur without consciousness. 

How, then, might one test whether the brain 
mechanisms for conscious access are already 
present in infancy? Studying consciousness and 
its neural correlates in adults requires the collec- 
tion of subjective reports of experience, classical- 
ly through psychophysical paradigms contrasting 
visible and invisible stimuli (5). It is not impos- 
sible to obtain subjective reports from nonverbal 
organisms. For instance, monkeys can be trained 


to report the presence or absence of a stimulus, 
either by touching the location of a stimulus on 
a screen or by touching an alternative key to 
indicate that no stimulus had been presented. 
After a unilateral lesion in V1, they consistently 
press the “absent” key for stimuli contralateral to 
the lesioned side, although they remain able to 
localize them with high accuracy, which suggests 
that they undergo a “blindsight” phenomenon 
similar to that of human patients (6). However, 
it seems much more difficult to train infants to 
report similarly about their thoughts and percepts, 
which renders the issue of infant consciousness 
particularly challenging. 

In this study, we follow an alternative strat- 
egy: examining whether the neural signatures of 
perceptual consciousness that are observed in 
adults can already be obtained in the developing 
brain. We capitalize on visual masking, a psycho- 
physical phenomenon whereby a brief display, 
when followed by a second picture, vanishes 
from awareness. Previous research in adults has 
shown that the perception of masked displays 
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follows a two-stage process with distinct elec- 
trophysiological signatures (7—/0). During the 


sponses increase linearly with the stimulus en- 
ergy or duration. This early linear stage can be 


first ~200 to 300 ms of processing, brain re- observed even on subliminal trials in which the 
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Fig. 1. (A) Schematic description of the procedure. Visibility was manipulated by presenting 
faces at various durations, within a series of masking patterns (scrambled layers of upside-down faces and 
objects) that prevented visual persistence and lingering afterimages. A control condition comprising 
exclusively scrambled patterns allowed for the localization of face-sensitive components. The younger 
(5-month-old) infants were tested with durations ranging from 50 to 300 ms in steps of 50 ms. The older 
(12- and 15-month-old) groups were tested with face durations of 17, 33, 50, 100, 150, 200, and 250 ms. 
Infants received blocks with a forward mask followed by the random presentation of face and control 
trials at each duration, leading to 12 cycles in younger and 14 cycles in older infants. (B and C) Analysis of 
global ERPs (collapsing across the five durations common to all infants; i.e., from 50 to 250 ms). (B) Grand- 
average responses recorded over posterior medial occipital and lateral occipitotemporal electrodes and 
revealing the four components responding preferably to faces compared with scrambled controls (early 
posterior negativity, N290, P400, and LSW). (C) Two-dimensional (2D) scalp topographies over time 
showing the voltage ERP evoked by face and control trials, and their difference in terms of statistical 
significance maps (Z-scores). 
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stimulus is subjectively invisible. By contrast, 
the second stage, which starts after ~300 ms, is 
characterized by a nonlinear, essentially all-or- 
none change in brain activity detectable with 
event-related potentials (ERPs) (8, 9, //) and 
intracranial recordings (/2). Note that this sec- 
ond stage occurs specifically on trials reported 
as consciously seen [e.g., (5, 13, 14)]. During 
this stage, even a brief external stimulation, if 
it exceeds a certain threshold, can lead to a large 
and long-lasting pattern of activity involving 
the recruitment of a distributed parieto-frontal 
network, as well as the reactivation of the initial 
sensory regions. This sustained activity allows 
for the maintenance of the perceptual represen- 
tation long after the stimulus is gone and coin- 
cides with subjective reports of visibility (8, 9). 

Here, we examined whether the electrophys- 
iological signatures of this two-stage process 
can be observed in infants. The presence of both 
early linear and late nonlinear electrophysio- 
logical markers during visual perception in 
infants would indicate that, first, the same ar- 
chitecture for perception is already at work at 
early stages of development and, second, that 
a distinction between nonconscious and con- 
scious events may already be delineated in in- 
fants. We recorded high-density (128 electrodes) 
ERPs in three groups of infants [5-month-olds 
(n = 30), 12-month-olds (n = 29), and 15-month- 
olds (n = 21)] while they looked at masked faces 
presented at various durations, so as to induce 
different levels of visibility [see Fig. 1A and 
(75) for details]. 

Using the same stimuli in a behavioral study 
of preferential looking, we recently measured the 
masking threshold in infancy and evidenced im- 
portant changes occurring at the end of the first 
year of life (/6). Although 5- and 10-month-old 
infants oriented their gaze only to faces presented 
for 150 ms or longer, 15-month-olds exhibited a 
perceptual threshold closer to the adult value 
(between 50 and 100 ms). Furthermore, whereas 
5- and 10-month-old infants oriented to supra- 
threshold faces in a purely reactive manner (i.e., 
performance systematically came back to the 
level of chance in between face occurrences, 
even though they were repeatedly presented at 
the same peripheral location on each trial), 15- 
month-olds anticipated the face reappearance, 
which demonstrated that they were not only 
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able to maintain the perceptual representation 
of a stimulus over time but also to use this in- 
formation to adapt their behavior. At the brain 
level, we thus predicted a marked change around 
the end of the first year of life in infants. Specif- 
ically, we expected that the transition from linear 
brain responses to a sudden, nonlinear increase 
(a neural marker which in adults indicates the 
maintenance of perceptual information for con- 
scious report) would be more pronounced and 
occur at shorter stimulus durations in the older 
babies. 

We first extracted the event-related brain po- 
tentials evoked by masked faces relative to scram- 
bled control stimuli. This first step allowed us 
to identify face-sensitive latencies and clusters 
of electrodes independently of infants’ age and 
stimulus duration. Although faces were very brief- 
ly presented and embedded in masks, we ob- 
served the classical ERP components of face 
perception in infants, with a series of four com- 
ponents responding preferably to faces (Fig. 1, 
B and C). The first difference was an early pos- 
terior negativity (EPN) peaking around 150 ms 
[(79) = 6.38, P < 0.001] over medial occipital 
electrodes. This component is likely to reflect 
the earliest bottom-up stage, where structured 
images are separated from scrambled stimuli 
(17). It was followed by two components clas- 
sically associated with face processing in infants 
(78, 19): an N290 over the same posterior oc- 
cipital electrodes [(79) = 2.35, P < 0.05] and 
then a P400 extending bilaterally from occipital 
to temporal regions [#(79) = 11.29, P < 0.001]. 
Although the homology of these components 
with the N170 specifically elicited by faces in 
adults remains debated, the N290 is sensitive to 
the presence of contrasted human eyes, whereas 
the P400 depends on infants’ knowledge of the 
prototypical face configuration (78, /9). Finally, 
we observed a sustained late negativity starting 
from 900 ms over the same occipito-temporal 
electrodes, along with a positivity over anterior 


electrodes [479) = 4.75, P < 0.001]. This late re- 
sponse corresponds to the late slow wave (LSW), 
which has been linked to stimulus encoding and 
recognition memory but also more generally to 
attention and novelty detection (/8—2/). 

We then examined how these components 
evolved with age (Fig. 2 and figs. SI to $3). The 
EPN and P400 components were significant in 
all age groups (all P values were <0.01) and were 
of equivalent magnitude across the three age 
groups (both F values were <1) (see fig. $1). By 
contrast, we found robust interactions with age 
for the N290 (F277 = 10.17, P < 0.001) and for 
the LSW (F377 = 4.17, P = 0.019), which sug- 
gested the presence of a developmental change 
for these two components. Indeed, for both com- 
ponents, the difference between faces and con- 
trols occurred solely in 12-month-olds (both 
P values were <0.001) and 15-month-olds (both 
P values were <0.005), with the same amplitude 
for both groups (F < 1). 

Having established which components were 
sensitive to faces, we studied their variation as a 
function of stimulus duration in the face trials. 
Because the results for the groups of 12- and 
15-month-olds were virtually identical, they were 
collapsed to increase signal-to-noise ratio. The 
waveforms elicited by faces at each stimulus du- 
ration are shown in Fig. 3 (see fig. S4 for control 
stimuli and difference waves). In the older group 
of 12- to 15-month-olds, it is apparent that the 
N290, P400, and LSW components are strongly 
and monotonically modulated by stimulus dura- 
tion. Furthermore, the LSW is essentially absent 
for face presentations of up to 50 ms duration 
and suddenly jumps to a strong negativity for du- 
rations of 100 ms and beyond. This is consistent 
with our previous behavioral study, which sug- 
gests a perceptual threshold around 50 to 100 ms 
of presentation duration (/6). To evaluate these 
points statistically, we submitted each electrode 
and time point of the face conditions to two 
contrasts (8). The first was a linear contrast eval- 
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uating a continuous variation in voltage with 
stimulus duration. The second was nonlinear and 
tested for a jump around the presumed threshold, 
i.e., a larger increase in voltage when presenta- 
tion duration moved from 50 to 100 ms, com- 
pared with the other ranges of stimulus duration 
(average change in voltage from 16 to 50 ms and 
from 100 to 250 ms). The results confirmed the 
presence of both linear and nonlinear effects 
over the same occipito-temporal electrodes, but 
with distinct time courses (Fig. 4). Although the 
linear effect became significant relatively early 
at 180 ms, the nonlinear trend emerged rather 
abruptly only at a later stage, around 750 ms 
(Fig. 4, C and D). Furthermore, whereas the N290 
and P400 increased in a strictly linear manner, 
both linear and nonlinear contrasts were signifi- 
cant for the LSW. This joint significance was due 
to a sigmoidal response profile: The LSW showed 
a general increase with stimulus duration, but with 
a large nonlinear jump around the previously 
identified perceptual threshold (from 50 to 
100 ms). These results, which dissociate early 
linear and late nonlinear components, demon- 
strate that an adultlike, although much slower, 
sequence of perceptual stages is already ob- 
served by the end of the first year of life. 

What about younger infants? In comparison 
with the older group, modulations of voltage by 
face duration were overall smaller in 5-month- 
olds (Fig. 3A). Nevertheless, the linear contrast 
again achieved significance for the N290, the 
P400, and even for the LSW (Fig. 4, A to C). 
Although no significant LSW difference wave 
was found at this age in the global analysis (i.e., 
collapsing stimulus durations) (see Fig. 2 and 
text above), an LSW component was actually 
present and differed significantly from baseline 
at face durations of 150 ms and above (all P 
values were <0.002) (Fig. 3A). Again, this is 
consistent with our previous behavioral study 
showing that 5-month-old infants did not orient 
to faces presented for duration of 100 ms or less 
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but showed an abrupt increase in responding 
to faces from 100 to 150 ms (/6). Indeed, our 
contrast testing for a nonlinear response com- 
ponent occurring between the predicted dura- 
tions of 100 ms and 150 ms began to deviate 
from baseline abruptly around 900 ms, simulta- 
neously with the LSW (Fig. 4, B to D). How- 
ever, we observed that the LSW component was 
slow and small at this age, and statistical sig- 
nificance of the nonlinearity only attained in the 
latest period of the epoch (starting at 1320 ms). 
Thus, we found that the two-stage architecture 
for perception can be evidenced early on during 
development, in infants as young as 5 months, 
although this distinction was not as clearly de- 
lineated as for older infants. 

Because the LSW exhibits a late nonlinear- 
ity that matches the visibility thresholds estab- 
lished in previous behavioral testing (16), we 
suggest that this electrophysiological component 
constitutes a reliable neural index of conscious 
access to perceptual information in preverbal 
infants. Note that this late component cannot be 
ascribed to unmatched number of trials or larger 
movement artifacts in one specific condition 
[see (75) for details]. LSWs, generally recorded 
after 600 ms, have been first related to memory 
encoding and recognition (/8, /9). Since then, 
slow waves have been described in different 
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Fig. 4. (A to D) Time course of the linear and nonlinear increases in 
brain activity as a function of face duration, in younger and older 
infants. The 2D plots show the scalp topographies of the linear and nonlinear 
contrasts. The unit of measurement is the slope with which voltage increases 
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visual and auditory paradigms in awake and 
attentive infants (20, 2/). For instance, the LSW 
is observed after a deviant sound in awake, but 
not asleep, infants (22). It also reflects the in- 
fant’s allocation of attention toward the mother’s 
face, a familiar toy, or a novel event against a 
background of familiar or partially familiar 
events (/8, 20). The diversity of experimental 
paradigms eliciting LSWs in infants suggests 
that this component reflects a generic amodal 
system involving higher-order processes, such 
as attention and working memory. Because of 
these functional characteristics, equivalence with 
the P300 in adults has been proposed (23). Our 
results support this interpretation by showing 
that the LSW exhibits the same nonlinear re- 
sponse profile as the P300 and follows earlier 
components responding in a linear fashion as 
a function of stimulus intensity (8, //). Note that 
the adult P300 component strongly correlates 
with subjective reports of visibility (5, 8, 9) and 
is therefore thought to constitute a neural signa- 
ture of access to consciousness. The functional 
similarity of infant and adult responses, com- 
bined with our previous behavioral results (6), 
suggests that a stage of conscious processing 
already exists in infants and that the LSW con- 
stitutes a reliable neural signature of conscious- 
ness in infants. 


Linear increase 
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Nonetheless, our results also reveal that this 
neural marker of consciousness in infants is 
triggered at a much later time than in adults. 
Indeed, whereas the nonlinear response to masked 
stimuli is found around 300 ms in the adult 
brain (8, //), here, we observed it around 750 ms 
in 12- to 15-month-old infants, and after 900 ms 
or more in 5-month-olds. Hence, this second 
processing stage is disproportionately slow in 
infants and remains so for many months. 

What constitutes the neural basis of this 
exceedingly slow response? The first stages of 
perception (indexed by the EPN and P400 
components), which exhibited equivalent la- 
tencies in all age groups, probably reflect the 
rapid maturation of the sensory visual system 
during the first few months of life (24). By con- 
trast, the long latencies of the LSW are compatible 
with the notion that this nonlinear response de- 
pends on a large-scale distributed network of 
long-distance corticocortical connections (5). 
Most of these long-fiber tracts are present in 
infants (25) and even fetuses (26), but they re- 
main weakly myelinated through the first year 
of life (24). Such a weak myelination could ex- 
plain why the LSW emerged later in 5-month- 
olds compared with older infants. It would lead 
to a reduced and slower interplay between sen- 
sory regions and associative parietal-prefrontal 


08 
Time (sec) 


0.6 


06 08 1 
Time (sec) 


0.4 


0.2 


with stimulus duration, expressed in units of microvolts per millisecond. Re- 
sponse profiles over occipitotemporal electrodes are accompanied with hor- 
izontal bars indicating temporal clusters of 10 consecutive significant time 


19 APRIL 2013 


379 


REPORTS 


380 


areas, which limits the functional connectivity 
that is necessary for the maintenance and flex- 
ible use of sensory information. Consistent with 
this interpretation, the LSW scalp topography, 
showing posterior negativities over bilateral occi- 
pitotemporal regions, is suggestive of a late re- 
activation of sensory regions. In adults, such a 
late reactivation has been argued to reflect top- 
down mechanisms of attentional amplification 
that allow for the maintenance of a stimulus 
representation over time that is characteristic of 
perceptual consciousness (5, 7, 9). Another po- 
tential factor is the protracted dendritic devel- 
opment and synaptogenesis in associative areas 
(27). Indeed, the prefrontal cortex shows a marked 
maturation and massive reorganization at the 
end of the first year of life, resulting in dramatic 
improvements in a wide range of cognitive abil- 
ities at that age (28). In any case, the accelera- 
tion of information transfer between associative 
and sensory areas might be a key factor under- 
lying infants’ improved perceptual efficiency 
across development. 

In sum, our data indicate that infant percep- 
tion is organized into a series of stages similarly 
to adult perception; these include, crucially, a 
late nonlinear stage that, in adults, systematical- 
ly accompanies reports of conscious perception 
and, in infants, correlates with psychophysical 
thresholds for orienting to masked stimuli. We 
propose that this late nonlinear response consti- 
tutes a new, specific, and objectively measurable 
candidate marker that putatively reflects con- 
scious perception. It is important to acknowl- 
edge that our research does not provide a direct 
proof of subjective experience. Indeed, it is a 
genuine philosophical problem whether such a 
proof can ever be obtained from purely objec- 


tive neurophysiological data. Rather, we show 
that neural markers of consciousness found in 
adults can be generalized to infant populations. 
Such objective measures have proven useful to 
probe consciousness in patients in a vegetative 
state and in minimally conscious patients (29) 
and might help pediatricians confront issues 
of infant consciousness in relation to anesthe- 
sia, pain, and pathologies. 
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ties of optical microscopy in research and supports numerous scientific 
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microscopy alone, images of biological matter smaller than 250 nm ap- 
pear blurred and, as a result, are virtually impossible to analyze. Super- 
resolution microscopy can help to overcome the limits of light micros- 
copy by reconstructing images at a resolution surpassing the diffraction 
limit of the objective lens. With novel image processing techniques, the 
new MetaMorph Super-Resolution System is capable of 20 nm lateral 
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SAMPLE TRACKING 

The new VisionTracker database software is designed for more accu- 
rate and efficient management, tracking, and retrieval of laboratory 
samples. VisionTracker software provides a robust and secure database 
to organize and track sample information and storage location. The 
VisionTracker database has an intuitive graphical interface and comes 
preloaded with options for Thermo Scientific Cryo and 2-D barcoded 
storage tubes and boxes, as well as Thermo Scientific freezers, allow- 
ing quick and easy integration into any storage workflow or laboratory 
environment. In addition, VisionTracker is ideal for use with Thermo 
Scientific VisionMate 2-D barcode readers to simplify management 
and tracking of barcoded samples. Featuring an intuitive interface, Vi- 
sionTracker software enables easy searches including sample addition, 
mother-to-daughter aliquoting, and sample disposition. Additional se- 
curity features include audit trails of all sample data with a date/time 
stamp as well as password-protected access control. 
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NEXT GENERATION SEQUENCING ANALYSIS 

The latest version (2.3.2) of the NGS Analysis software package, Next- 
GENe, includes several additional application modules as well as cus- 
tomer requested tools designed to increase the quality and speed of 
their NGS analysis workflow. New applications included in the updated 
version include Copy Number Variation (CNV), HLA Analysis as well 
as a Somatic Mutation mining tool for use with all Next Generation 
Sequencing platforms including those available from Ion Torrent, IIlu- 
mina, and Roche. New functions and capabilities integrated into this 
NextGENe software version include compatibility with the new Ion 
Torrent Suite 3.4 data format, ability to report annotation relative to 
multiple transcripts, more effective tools for the support of paired reads 
and removal of duplicate reads from analysis as well as many tools to in- 
crease the quality and speed of NGS sequence analysis with NextGENe 
software. NextGENe is a comprehensive, freestanding Windows-based 
analysis program for all NGS sequencing platforms. 

Soft Genetics 

For info: 888-791-1270 | www.softgenetics.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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S ir Isaac Newton’s contribution to science can only be described as unique. Over his lifetime, 
Newton offered insights into physics, mathematics, natural philosophy, and even alchemy, and is 
now considered by many to be one of the greatest scientists who ever lived. In 1687, the publication 
of his Philosophie Naturalis Principia Mathematica was an influential landmark in scientific thinking 
that defined the principles of universal gravitation and the laws of motion—setting the foundation 
that scientists would turn to for over 300 years. 

Today, scientists from around the world turn to Science. With 700,000 print readers every week 
and 3.6 million unique visitors to the online site each month, Science reaches more people than any 
other scientific print publication or website. What’s more, as part of the non-profit AAAS, the revenue 
generated by Science supports programs around the world that help inform science policymakers, 
enhance science diplomacy, strengthen the scientific workforce, and improve science education. 

So if you want to reach physicists, mathematicians, life scientists, or even the occasional 
alchemist, there’s only one Science. Visit Science today at sciencemag.org. 


For your advertising needs, there’s only one 


sciencemag.org 
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Advertising 


For full advertising details, go to 
ScienceCareers.org and click 
For Employers, or call one of 
our representatives. 


Tracy Holmes 

Worldwide Associate Director 
Science Careers 

Phone: +44 (0) 1223 326525 


THE AMERICAS 


E-mail: advertise@sciencecareers.org 


Fax: 202-289-6742 
Tina Burks 


East Coast/West Coast/South America 


Phone: 202-326-6577 


Marci Gallun 
Midwest/Canada 
Phone: 202-326-6582 


Candice Nulsen 
Corporate 
Phone: 202-256-1528 


Online Job Posting Questions 
Phone: 202-312-6375 


EUROPE /|NDIA/AUSTRALIA/ 


NEW ZEALAND / REST OF WORLD 


E-mail: ads@science-int.co.uk 
Fax: +44 (0) 1223 326532 


Axel Gesatzki 
Phone: +44 (0)1223 326529 


Lucy Nelson 
Phone: +44 (0)1223 326527 


Kelly Grace 
Phone: +44 (0) 1223 326528 


JAPAN 


Yuri Kobayashi 
Phone: +81-(0)90-9110-1719 
E-mail: ykobayas@aaas.org 


CHINA/KOREA/ SINGAPORE / 
TAIWAN / THAILAND 

Ruolei Wu 

Phone: +86-1367-1015-294 
E-mail: rwu@aaas.org 


All ads submitted for publication must comply 
with applicable U.S. and non-U.S. laws. Science 
reserves the right to refuse any advertisement 
at its sole discretion for any reason, including 


without limitation for offensive language or 
inappropriate content, and all advertising is 


subject to publisher approval. Science encour- 


ages our readers to alert us to any ads that 
they feel may be discriminatory or offensive. 
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University of 
Zurich” 


Vetsuisse Faculty 


Professorship in 
Veterinary Pharmacology 
(open rank) 


The Institute of Veterinary Pharmacology and Toxicology of the Vetsuisse 
Faculty University of Zurich, offers a faculty position in Veterinary 
Pharmacology. The position is advertised as a professorship, open rank 
with tenure track (Assistant or Associate or Full Professor, depending on 
prior achievements). 


Requirements: Applicants are expected to have a degree in veterinary 
medicine, medicine, biology or another closely related field in the life 
sciences and, in addition, a PhD or habilitation or equivalent. Applicants 
should demonstrate a strong and promising research program in pharma- 
cology (preferably in molecular pharmacology) and a proven record in 


successful acquisition of extramural funding. 


Experience in teaching undergraduate and graduate students is required; 
teaching will be coordinated with the Professor in Toxicology and the 
Division of Veterinary Pharmacology and Toxicology of the Vetsuisse 
Faculty University of Berne. Prior mentoring of graduate students is 
desirable. The successful candidate is expected to contribute to the service 
work offered by the Institute of Pharmacology and Toxicology. 


More detailed information can be obtained from the Dean’s office of the 


Vetsuisse Faculty University of Zurich. 


Ideally, applicants should be fluent in English and German, although 
knowledge in German can also be acquired within a reasonable time 
period. 


Younger applicants are particularly encouraged to apply. The University 
of Zurich strives to increase the percentage of women in leading positions 
and therefore strongly encourages qualified female researchers to apply. 


Application process: Applicants are kindly invited to respond no later 
than May 30, 2013, by sending the following information as a complete 
package in English: cover letter outlining concepts for research, teaching 
and service work, curriculum vitae incl. structured list of publications and 
extramural funding; copies of relevant examinations. 


Please supply a hardcopy and one comprehensive PDF-file on CD-ROM or 
USB key (please, no online applications) to: 

University of Zurich, Vetsuisse Faculty, Dean’s Office, Ms. Silvia Kaufmann, 
Winterthurerstrasse 204, CH-8057 Ziirich, Switzerland 

e-mail: dekanat@vetadm.uzh.ch 


TECHNISCHE DRESDEN 
concept Qs 


UNIVERSITAT 
DRESDEN 


Are you looking for an exciting academic career opportunity 
in one of the most beautiful cities in the world? 


TU Dresden - one of the German Universities of Excellence - seeks to fill up to ten 


OPEN TOPIC TENURE TRACK PROFESSORSHIPS 


These professorial positions are not targeted at specific areas of expertise or particular academic disciplines. 
The sole selection criteria are scientific excellence, innovation and the potential to advance research 
activities at TU Dresden. We are particularly looking for younger candidates who have already demonstrated 
an exceptional potential and who work in interdisciplinary research fields. However, applications from well- 
established researchers who bring exceptional added value to the portfolio of TU Dresden are also welcome. 
International applications are especially sought after. We particularly encourage applications from women and 
minorities. More information about this program as well as about the Institutional Strategy of the university can 


be found at http://tu-dresden.de/exzellenz/zukunftskonzept. 


Minimum requirements are a doctoral degree and publications in leading academic journals. Appointments are 
possible at different academic levels, depending on previous experience. Upon positive evaluation after the 
initial five-year appointment, the professorship will become tenured. 


In addition to their CV (including awards and other honors), the applicant should include their publication list, 
a summary of past and future research, their vision for teaching, details on third-party funding, and a brief 
statement of how the applicant would contribute towards the university’s on-going ambition for international 
excellence. 


The deadline for applications is May 15", 2013. Please address all correspondence to: 


Technische Universitat Dresden 
The Rector 
- personal/confidential - 
Application Open Topic Professorship 
01062 Dresden 
Germany 


Alternatively, applications may be sent by email to rektor@tu-dresden.de, indicating “Application for Open Topic 
Professorship” in the subject line. 


TU Dresden has established itself as a comprehensive university with a broad range of academic subjects and an 
internationally renowned research portfolio. The City of Dresden is famous for its beauty and world-class cultural 
and scientific environment. Details may be found at http://home.meinestadt.de/dresden/attraktivitaets-ranking. 


... We are looking forward to your application! 
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cle Dr. Shirley Malcom, born and raised in the segregated South more than 65 years ago, a career based 

on her studies in science seemed even less likely than the launch of the Soviet’s Sputnik. But with Sputnik’s 
success, the Space Race officially started and, in an instant, brought a laser-like focus to science education 
and ways to deliver a proper response. Not long after, Dr. Malcom entered the picture. 

Although black schools at the time received fewer dollars per student and did not have sufficient 
resources to maintain their labs at a level equivalent to the white schools, Dr. Malcom found her way to the 
University of Washington where she succeeded in obtaining a B.S. in spite of the difficulties of being an 
African American woman in the field of science. From there she went on to earn a Ph.D. in ecology from 
Penn State and held a faculty position at the University of North Carolina, Wilmington. 

Dr. Malcom has served at the AAAS in multiple capacities, and is presently Head of the Directorate for 
Education and Human Resources Programs. Nominated by President Clinton to the National Science Board, she 
also held a position on his Committee of Advisors on Science and Technology. She is currently a member of the 
Caltech Board of Trustees, a Regent of Morgan State University, and co-chair of the Gender Advisory Board of 
the UN Commission on Science and Technology for Development. She has held numerous other positions of 
distinction and is the principal author of The Double Bind: The Price of Being a Minority Woman in Science. | Science 

Of her active career in science, Dr. Malcom says, “I guess | have become a poster child for taking a % 
one’s science background and using that in many other ways: we ask questions; we try to under- q =~) 
stand what we find; we consider what evidence we would need to confirm or refute hypotheses. a N\ 
And that happens in whatever setting one finds oneself.” 

At Science we are here to help you in your own scientific career with expert career advice, 


“ 


forums, job postings, and more — all for free. Visit Science today at ScienceCareers.org. | ae. » kon re = 
For your career in science, there’s only one AV AAAS 
ScienceCareers.org 
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Associate Director for Data Science 
Office of the Director, National Institutes of Health, Department of Health and Human Services 


The NIH is the center of medical and behavioral research for the Nation 
----making essential medical discoveries that improve health and save lives. 
Are you a top-level Scientific Researcher or Scientific Administrator seeking a career at one of the preeminent biomedical research 
institutions in the Nation and the world? Are you at that point in your career where you're ready to “give back?” The position of Associate 
Director for Data Science (ADDS), Office of the Director (OD), National Institutes of Health (NIH), offers a unique and exciting opportunity to 
provide critical leadership for basic and translational research. The era of “Big Data” has arrived for the biomedical sciences. There is an urgent 
need and, with it, spectacular opportunities for NIH to enhance its programs in data science, such as those involving data emanating from 


different sources (e.g., genomics, imaging, and phenotypic information from electronic health records). The ADDS provides a vision for the 
utilization and extraction of knowledge from the data generated by, and relevant to, NIH research, and advises experts throughout the agency 
on a variety of complex, unique, and/or sensitive situations and issues in data science to ensure continual achievement of NIH’s dynamic 


biomedical research mission. 


We are looking for applicants with senior-level experience who have a commitment to excellence and the energy, enthusiasm, 
and innovative thinking necessary to lead a dynamic and diverse organization. 

The successful candidate for this position will be appointed at a salary commensurate with his/her qualifications. Full Federal benefits 
will be provided including leave, health and life insurance, long-term care insurance, retirement, and savings plan (401k equivalent). 

If you are ready for an exciting leadership opportunity, please see the detailed vacancy announcement at http://www.jobs.nih.gov 
(under Executive Careers). Applications will be reviewed starting May 13, 2013, and will beaccepted until the position is filled. 


THE NATIONAL INSTITUTES OF HEALTH AND THE DEPARTMENT OF HEALTH AND HUMAN SERVICES 
ARE EQUAL OPPORTUNITY EMPLOYERS 


al 


ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


The School of Life Sciences at EPFL invites applications for two 
positions of tenure track Assistant Professor in Computational Neu- 
roscience. In exceptional cases of more senior profiles, appointment 
at the level of associate or full professor may also be considered. 


The search is broad, but research areas of particular interest are: 


— Machine learning tools for computational neuroscience such as 
data-driven modeling, data analysis, optimization of neuron models, 
regularization, or large-scale neuroscience data analysis 


~ Theory and simulation of cognitive brain processes including theo- 
ries of risk and decision-making, models of memory formation or 
working memory, learning, attention and emotion. 


Candidates with other profiles are also considered 


EPFL is committed to excellence in teaching and research and pro- 
vides a dynamic environment including the Brain Mind Institute of 
the School of Life Sciences, the School of Computer and Communi- 
cation Sciences, the Center for Neuroprosthetics, as well as the re- 
cently established Neuropolis initiative, together with the Universi- 
ties of Lausanne and Geneva. The successful candidate is expected 
to develop an independent and competitive research program in a 


Faculty Positions in 


Theoretical and Computational Neuroscience 
at Ecole polytechnique fédérale de Lausanne (EPFL) 


multidisciplinary environment and engage with researchers in related 
fields across the EPFL campus, as computer science, machine learn- 
ing, scientific computing, neuroprosthetics, mathematical finance, 
human brain imaging, psychophysics, and the Human Brain Project. 


Applications including letter of motivation, curriculum vitae, pub- 
lication list, concise statement of research and teaching interests as 
well as the names and addresses (including email) of at least five 
references should be submitted in PDF format via the website: 


http://comp-neurosci.epfl.ch 


While the committee will start analyzing applications on August 
15th, 2013, the search will remain open until the positions are filled. 


For further inquiries you may contact Prof. Wulfram Gerstner 
(chair of search committee) at comp-neurosci.search@epfl.ch 


For additional information, please consult http://sv.epfl.ch/home 


and http://www.epfl.ch 


EPFL is committed to expanding the ranks of women on its faculty, 
and qualified women are enthusiastically encouraged to apply. 


online @sciencecareers.org 
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More Resources 


AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of the information, advice, and 
opportunities they need to take the next step in their careers. 


A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically 
for scientists. With hundreds of career development articles, webinars and downloadable booklets filled with practical 
advice, a community forum providing answers to career questions, and thousands of job listings in academia, govern- 
ment, and industry, Science Careers has helped countless individuals prepare themselves for successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not 
a member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers MV AAA + U = A 


ASSOCIATE CENTER DIRECTOR FOR 
BASIC SCIENCE 


Moffitt Cancer Center is seeking applicants for a faculty 
appointment at the level of Associate Center Director (ACD) for 
Basic Science. The successful candidate will direct all Research 
Programs and Shared Facilities assigned to the Division of Basic 


YOU 


Qualified applicants will have an M.D. or Ph.D. 
in a field relevant to cancer research, as well 
as 10+ years’ experience in leadership in a 
Cancer Center and/or academic setting and in 
grant management. In addition, the successful 
candidate will have a proven ability to manage 
programs and supervise multi-level staff, 


Presidents, Directors and Faculty. 


1-888-MOFFITT | MOFFITT.ORG 


Science of the Moffitt Research Institute (MRI). The ACD sets 
strategic direction and priorities in basic science research and is 
accountable for the performance and results of Basic Science; 
decisions have a direct impact on the MRI and Moffitt Medical 
Group with implications to the entire organization. The ACD 
maintains an active research program funded principally by 
extramural grants, publishes original reports in peer-reviewed 
journals, contributes service to professional societies and 
contributes to teaching and mentoring of faculty, staff, fellows 
and graduate students. The ACD reports to the Center Director 
and provides leadership and direction through Department 
Chairs, Program Leaders, Shared Resource Leaders, Vice 


12902 MAGNOLIA DRIVE, TAMPA, FL 33612 


Moffitt Cancer Center provides a tobacco-free work environment. We are an 
equal opportunity, affirmative action employer and a drug-free workplace. 


and collaborate at a senior level with other 
Associate Center Directors, Vice Presidents 
and Managers. Preference will be given to 
internationally recognized researchers with 
active laboratories and NIH funding. 


For further details and to apply, 
visit MOFFITT.org/Careers 


MOFFITT 


CANCER CENTER 


CLOSER TO OUR PATIENTS. 
CLOSER TO A CURE? 


Jawaharlal Nehru Centre for 
Advanced Scientific 
Research, Bangalore, India 
http://www.jncasr.ac.in 


Faculty positions in Advanced 
Materials Science and Chemistry 


The Chemistry and Physics of Materials 
Unit and the New Chemistry Unit at the 
Jawaharlal Nehru Centre for Advanced 
Scientific Research, (JNCASR), Bangalore, 
invites applications from Indian nationals 
for the position of Faculty Fellow 
(equivalent to an Assistant Professor) in the 
fields of (a) experimental materials science 
(especially in energy or biomaterials) 
and (b) synthetic biology. Candidates 
must have excellent academic credentials 
throughout their career and are expected to 
develop independent, high quality research 
programmes. 


Applicants should havea Ph.D. in chemistry/ 
physics/related branch of engineering and 
a minimum of three years of postdoctoral 
research experience. Please send your (a) 
curriculum vitae, (b) two-page research 
plan and (c) names of five referees to: 


Faculty Search, 

Materials and Chemistry, 

Jawaharlal Nehru Centre for Advanced 
Scientific Research 

Jakkur, Bangalore-560 064, INDIA 
Email: mesearch@jncasr.ac.in 


Universitat Regensburg 


The University Regensburg, Germany, Faculty of Medicine, invites applications for a 


W 3-Professorship (Chair) 
in Interventional Immunology 


The successful candidate will head the newly installed Department for Interventional 
Immunology at the Medical Faculty of the Regensburg University. The position is the initial 
W3-Professorship of the Regensburg Center for Interventional Immunology (www.rcii.de), 
an interdisciplinary research center for the development of novel immunotherapies against 
cancer, infections and autoimmune diseases. The successful candidate is expected to lead 
and transform the RCI into an independent research institute collaborating closely with the 
University of Regensburg and its University Hospital. 


We are seeking a scientist with an excellent record in the field of transplantation immunology 
with a focus on cellular and molecular mechanisms of alloresponses after solid organ and/ 
or allogeneic stem cell transplantation. Though primarily a basic research position focused 
on the development of innovative immunological treatment strategies in transplantation, 
the candidate should be able to support translational research and early clinical trials in 
cooperation with the respective clinical partners at the University Hospital Regensburg. 
Furthermore, competence for developing the RCI into an independent research institute 
is expected. 


Required qualifications for applicants include a university degree, demonstrated teaching 
abilities, an M.D. or Ph.D. degree, as well as scientific achievements equivalent to the German 
“Habilitation”. Applicants should not be beyond the age of 52 at the time of appointment. 
Exceptions are possible according to Article 10, Paragraph 3, Sentence 2 BayHSchPG. 


The University of Regensburg is an equal opportunity employer. Applications by handicapped 
individuals will be prioritized. 


The Regensburg University is committed to increase the percentage of female scientists and 
encourages female applicants to apply. Furthermore, special importance is given to improving the 
compatibility of family and career (for further information see http://chancengleichheitfamilie. 
uni-regensburg.de). 


Please submit your application with your curriculum vitae, certificates, diplomas, list of 
publications including reprints of the 10 most significant reprints, your extramural funding 
record and a precise survey of your teaching experience by May 31, 2013 to the Dean of the 
Faculty of Medicine at the University of Regensburg, Franz-Josef-StrauB-Allee 11, 93053 
Regensburg, Germany. 

Please send a written application and please use the application form at: 
http://www.uni-regensburg.de/Fakultaeten/Medizin/index.html 
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There’s only one 
GALILEO GALILEI 


Vi 


orn in 1564, Galileo Galilei once contemplated a career in the priesthood. It’s perhaps fortunate 

for science that upon the urging of his father, he instead decided to enroll at the University of 
Pisa. His career in science began with medicine and from there he subsequently went on to become 
a philosopher, physicist, mathematician, and astronomer, for which he is perhaps best known. His 
astronomical observations and subsequent improvements to telescopes built his reputation as a 
leading scientist of his time, but also led him to probe subject matter counter to prevailing dogma. 
His expressed views on the Earth’s movement around the sun caused him to be declared suspect 
of heresy, which for some time led to a ban on the reprinting of his works. 

Galileo’s career changed science for all of us and he was without doubt a leading light in the 
scientific revolution, which is perhaps why Albert Einstein called him the father of modern science. 

Want to challenge the status quo and make the Earth move? At Science we are here to help you | 


in your own scientific career with expert career advice, forums, job postings, and more — allforfree. ~ ~ PA = oe 
For your career in science, there’s only one Science. Visit ScienceCareers.org today. Ge nl iaz 
For your career in science, there’s only one AV AAAS 
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The EGL Charitable Foundation 
invites you to apply to the 


Gruss Lipper Post-Doctoral 


Fellowship Program 
Eligibility 
e |sraeli citizenship 


e Candidates must have completed PhD 
and/or MD/PhD degrees in the Biomedical 
Sciences at an accredited Israeli 
University/Medical School or be in their 
final year of study 


® Candidates must have been awarded a 
postdoctoral position in the U.S. host 
research institution. 


Details regarding the fellowship are available 
at www.egicf.org 
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Science Careers is the forum 
that answers questions. 


Science Careers is dedicated to 
opening new doors and providing 
timely answers to the career 
questions that matter to you. 
Science Careers Forum: Your Future Awaits. 


» Relevant Career Topics 
» Timely Advice and Answers 


» Community, Connections, 
and More! Science Careers 


From the journal Science RAY AAAS 


ScienceCareers.org 


Visit the forum and join 
the conversation today! 


Universitatsklinikum Warzburg 
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ZINF 


% IZKFWirzburg 


he Interdisciplinary Center for Clinical Research (IZKF) organizes 
the internal research funding of the Medical Faculty of the University of 
Wiirzburg. Its major goal is to strengthen clinical research on the basis of 
interdisciplinary cooperation between clinical and basic research groups. 
0 carry out its mission, the IZKF supports cooperative research grants, 
promotes training and advancement of young researchers in medicine and 
improves the scientific infrastructure. For more information see 
www. izkf.uk-wuerzburg.de. 


he IZKF intends to establish a new 


Junior Research Group 
Infection Biology of 
Human Pathogens 


to be affiliated with the Research Center for Infectious Diseases 
(ZINF). We are looking for a researcher with outstanding postdoctoral 
experience and international recognition in the general fields of 
microbiology, cell biology, mycology, parasitology, immunology, or host- 
pathogen interactions. Candidates investigating the biology of clinically 
relevant human pathogens, in particular pathogenic fungi or bacteria are 
preferred, but all outstanding infection biologists are encouraged to apply. 
Interactions with other groups and members of the ZINF, 
the IZKF as well as with clinical partners are expected. 


In addition to the position of the Group Leader the grant of the IZKF will 
provide for up to 5 years funding for: 

© apostdoctoral scientist 

© aPhD student 

e a technician 

e Consumables: approx. 50.000 Euro/year 

¢ Equipment: approx. 50.000 Euro start-up financing 


Laboratory space and basic equipment will be provided at the Institute for 
Molecular Infection Biology (IMIB; www.imib-wuerzburg.de) ina new 9,000 
m2 state-of-the-art research building with bio-containment, molecular 
imaging, high-throughput genomics, and animal facilities. The building is 
specifically designed to foster collaborative research, and is home to 
several additional young investigator groups as well as laboratories run by 
aculty members. See www.imib-wuerzburg.de for more information. 


nterested individuals should send a one-page description of their research 
interests and future directions, CV and publication list, and the names of 
hree academic referees by May 15, 2013. We may request that short-listed 
candidates provide a more detailed research proposal ata later date. These 
candidates also will be invited to present their research in Wurzburg on 
June 28-29, 2013. 


Preference will be given to people with disabilities in the case of otherwise 
equal aptitude. The University aims to increase the proportion of female 
researchers, therefore applications from qualified women are particularly 
welcome. Applications should be sent via email in one pdf-file to the IZKF 
office (hawks_m@klinik.uni-wuerzburg.de). Informal inquiries can be made 
to Prof. Jérg Vogel (joerg.vogel@uni-wuerzburg.de). 


IZKF Wiirzburg 

Dr. Andrea Thelen-Frélich 
Josef-Schneider-Str.2 - 97080 Wiirzburg 
Telefax: ++49(0)931 201-47414 

Email: Hawks_M@klinik.uni-wuerzburg .de 
Internet: www.izkf.uk-wuerzburg.de 


Science Careers online @sciencecareers.org 


AAAS is here - promoting universal science literacy. 


In 1985, AAAS founded Project 2061 with the goal of helping all Americans become literate in science, mathematics, and 
technology. With its landmark publications Science for All Americans and Benchmarks for Science Literacy, Project 2061 set out 
recommendations for what all students should know and be able to do in science, mathematics, and technology by the time they 
graduate from high school. Today, many of the state standards in the United States have drawn their content from Project 2061. 


Every day Project 2061 staff use their expertise as teachers, researchers, and scientists to evaluate textbooks and assessments, 
create conceptual strand maps for educators, produce groundbreaking research and innovative books, CD-ROMs, and profes- 
sional development workshops for educators, all in the service of achieving our goal of universal science literacy. 


As a AAAS member, your dues help support Project 2061 as it works to improve science education. If you are not yet a AAAS 
member, join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/project2061 WN AAAS + U = AN 


WOMEN 


IN SCIENCE 


forging 
new pathways in 

green 

science 


Read inspiring stories 
of women working in 
“Green Science” 
who are blending 
a unique combination of 
enthusiasm for science 
and concern for others 
to make the world 
a better place. 


Download this 
free booklet 


ScienceCareers.org/ 
LOrealWiS 


Science 


AVAAAS 


This booklet is brought to you by the 
AAAS/Science Business Office 
in partnership with the 
L’Oreal Foundation 


PRIZES 


Fuel . 
3 Choices 
beer? Initiative 


Israel Prime Minister's Office 


a 


Keren Hayesod 


Ministry of Sci: 
inistry of Science United Israel Appeal 


and Technology 


Call for nominations for the first annual 
Eric and Sheila Samson Prime Minister's Prize for Innovation 
in Alternative Fuels for Transportation 


The US $1 million prize will be awarded for global innovation or a major 
scientific or technological breakthrough in the field of alternative fuels 
for transportation. 


Nominees for the prize should be actively engaged in innovative, 
paradigm-shifting research in the field of alternative fuels for 
transportation, worthy of significant and widespread attention. The 
recipient(s) can be of any nationality, race, ethnicity, or sex. 


Deadline for nominations: May 31, 2013 


For nomination information and forms see 
http://tinyurl.com/pmprize 


POSITIONS OPEN 


SCSB 


PPM rreaith 
3 Senior Faculty Positions 


Cryo Electron Microscopy, X-ray Crystallography, and NMR 
Sealy Center for Structural Biology and Molecular Biophysics 


UTMB Health seeks senior faculty applicants in structural biology in the Sealy Center for Struc- 
tural Biology and Molecular Biophysics (SCSBMB). The Center supports a graduate program in 
molecular biophysics and five well-run core laboratories in Cryo-EM, NMR, X-ray, Computa- 
tion and Solution Biophysics, each with an excellent PhD-level manager. For details see: http: 
//www.scsb.utmb.edu/ 


The successful candidate must be a highly motivated individual with a PhD or MD degree, a strong 
publication record, and a record of independent well-funded grant support. The ideal candidate 
will have extensive experience in their specialty applied to the study of the structure, novel mecha- 
nisms, and functions of bio-macromolecules. Candidates for positions in either the department of 
Biochemistry and Molecular Biology or Pharmacology and Toxicology should also have or seek 
overlap with the highly collaborative established biomedical research community in UTMB’s 
basic science departments, centers and programs of excellence such as the Institute for Human 
Infection and Immunity, the Galveston National Laboratory, the Center for Tropical Diseases, the 
Institute for Translational Sciences, the Sealy Center for Cancer Cell Biology, the Sealy Center for 
Environmental Health and Medicine, the Sealy Center on Aging, the George P. and Cynthia Woods 
Mitchell Center for Neurodegenerative Diseases, the Moody Center for Brain and Spinal Cord Injury 
Research, the Sealy Center for Molecular Medicine and the Chemical Biology Program. These and 
other entities provide a wide variety of core services, in recombinant DNA, genomics, proteomics, 
high-throughput drug screening, mass spectrometry, membrane protein crystallization, and protein 
expression and purification. Excellent collaborative opportunities also exist through UTMB’s par- 
ticipation in the Gulf Coast Consortia and the Keck Center for Interdisciplinary Bioscience, http: 
//www.gulfcoastconsortia.org/home.aspx. 


Applicants are requested to submit electronically: a cover letter expressing interest in being consid- 
ered, a curriculum vitae, current funding, a summary of research accomplishments, and future goals 
to mail to: SCSBMB.recruiting@UTMB.edu. Direct inquiries to Dr. B. Montgomery Pettitt, 
mpettitt@utmb.edu, 409-772-0723. 


The University of Texas Medical Branch is an Affirmative Action/Equal Opportunity Employer. 
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POSITIONS OPEN 


UNIVERSITY Of PENNSYLVANIA 


POSTDOCTORAL POSITIONS 


The Center of Excellence in Environmental 
Toxicology (CEET) at the University of Penn- 
sylvania Perelman School of Medicine announces 
the availability of two postdoctoral positions on 
its Translational Research Training Program in 
Environmental Health Sciences. The focus of 
the Center includes research in Oxidative Stress/ 
Oxidative Stress Injury; Reproduction, Endocri- 
nology, and Development (READ); Lung and Air- 
way Disease; and Gene-Environment Interactions. 

Postdoctoral applicants must conduct full-time 
research in translational environmental health 
sciences. Must be U.S. Citizen or Permanent Res- 
ident and would be supported for up to two 
years. Salary is commensurate with NRSA ap- 
proved levels. For further information, application 
procedure, and list of faculty mentors, please go 
to the CEET Website. The deadline to apply for 
the 2013-2014 term is Friday, May 24, 2013. 


DIRECTOR OF BUSINESS DEVELOPMENT 

The Fraunhofer Center for Molecular Biotechnol- 
ogy (CMB) in Newark, Delaware has an immediate 
opening for a Director of Business Development. 
The successful candidate will design and implement a 
comprehensive strategy to identify potential collab- 
orators that can utilize CMB’s unique plant-based 
protein production platform technology to expedite 
product development. CMB’s technology has applica- 
tions in the development of vaccines, therapeutics, and 
diagnostics. Desired qualifications include a Master’s 
or Ph.D. in a biological discipline, an MBA and dem- 
onstrated success in business development, grant writ- 
ing and collaboration with business, government, and 
not-for-profit research and development funding enti- 
ties. The successful applicant will be highly motivated, 
have a high energy, positive, “can-do” attitude and a high 
degree of initiative. FhCMB offers competitive salaries and 
benefit packages and is an Equal Opportunity Employer. Inter- 
ested candidates should send their resume or curric- 
ulum vitae to e-mail: dervin@fraunhofer-cmb.org. 


DIRECTOR 


Princeton University Department of Chemistry seeks 
candidates for the position of Director of the new Small 
Molecule Screening Center. 

The director will provide leadership in managing pro- 
gram activities and will be responsible for the overall 
operations of the screening center by employing a wide 
range of contemporary high throughput screening assays; 
performance of all follow-up organic synthesis activities; 
and, maintenance of the screening center infrastructure. 

The successful candidate must hold a Ph.D. in organic 
synthesis (or related field) and have broad experience and 
knowledge in medicinal chemistry. The candidate should 
have current bench skills, demonstrated proficiency in 
mass spectroscopy technology and analytical chemistry. 
For further information and to apply online (required) 
at website: https://jobs.princeton.edu (requisition 
#1300162). Submit a cover letter, curriculum vitae, 
list of publications and contact information for three 
references. Princeton University is an Equal Opportunity Em- 
ployer and complies with applicable EEO and Affirmative Action 


regulations. 


NASA BIOSIGNATURES INVESTIGATOR 


NASA Ames Research Center in the San Francisco 
Bay Area is secking a Biosignatures Principal Inves- 
tigator to join its Exobiology Branch. The position is 
responsible for conducting microbiological and/or 
geological research to identify biosignatures that can 
reveal and characterize past or present life in environ- 
ments relevant to astrobiology, such as Mars. A job 
announcement, required qualifications, and applica- 
tion procedure are available on website: https:// 
www.usajobs.gov/ by searching for announcement 
#AR13B0008. 


Nontraditional 
Careers: 


Opportunities 
Away From 
the Bench 


Webinar 


Want to learn more about exciting 
and rewarding careers outside of 
academic/industrial research? 
View a roundtable discussion that 
looks at the various career options 
open to scientists and strategies 
you can use to pursue a 
nonresearch career. 


Now Available 
On Demand 


www.sciencecareers.org/ 
webinar 


Produced by the 
Science/AAAS Business Office. 


Science Careers 


From the journal Science  PANAAAS 
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Career gare 
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e Job Postings 
e JobAlerts 


e Resume/CV 
Database 


e Career Advice 
e Career Forum 
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MARKETPLACE 


ProMab Biotechnologies, Inc. 


Custom Monoclonal 
Antibody $3,900 


> 3,000 CLONES WILL BE SCREENED 
1-866-339-0871 


www.ProMab.com | info@promab.com 
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Congratulations to the 2013 AAAS 


Student Poster Competition Winners 


The 2013 Student Poster Competition took place at the AAAS Annual Meeting in Boston 14-18 February. 
The student winners’ work displayed originality and understanding that set them apart from their peers. 


BRAIN AND BEHAVIOR 

Winner: Michelle Oberoi, 

University of California, Irvine 
Parvalbumin Basket Cells Preferentially 
Select Hippocampal CA1 Pyramidal Cells 


Honorable Mention: Yakov Kronrod, 
University of Maryland and Emily 
Coppess, University of Chicago 

A Unified Model of Categorical Effects in 
Consonant and Vowel Perception 


CELLULAR AND MOLECULAR 


BIOLOGY 

Winner: Ricardo Ramirez, 

University of California, Irvine 
Dynamics of Transcriptional Regulation 
and Chromatin Accessibility During 
Myeloid Differentiation 


Honorable Mention: Robert Welliver 
and Joseph Modica, Canisius College 
Promotion of Microtubule Acetylation 
Inhibits Growth Cone Advance in 
Regenerating Axons 


DEVELOPMENTAL BIOLOGY, 


PHYSIOLOGY, AND IMMUNOLOGY 
Winner: Stone Jiang, 

California Institute of Technology 
Engineering Novel Antibody-Like 
Reagents to Improve Neutralization 
of HIV 


MN AAAS!2014 
ANNUAL MEETING 


13-17 FEBRUARY e CHICAGO 


Honorable Mention: Le Chang, Greg 
Astrian, and Choon Chung, 
University of California, Los Angeles 
Human Perivascular Stem Cells Induce 
Bone Regeneration in a Rat Spinal 
Fusion Model 


ENVIRONMENT AND ECOLOGY 
Winner: Sean Kent, 

Northeastern University 

The Importance of Ecological Context: 
The Effect of Neighboring Exotic Plants 
on the Herbivory of Common Milkweed 
by the Monarch Butterfly 


Honorable Mention: Amanda M. 
Franklin, University of Melbourne 
Costs of Copulation in a Promiscuous 
Cephalopod 


MATH, TECHNOLOGY, AND 


ENGINEERING 

Winner: Christopher Luna, Arizona 
State University 

Direct Numerical Simulations of 
Phytoplankton Blooms 


Honorable Mention: Zachariah J. 
Berkson, Arizona State University 

EPR Study of Charge Separation within 
Oxygen-Deficient Ti02 Photocatalysts 
for the Conversion of Carbon Dioxide to 
Fuels 


MEDICINE AND PUBLIC HEALTH 
Winner: Elizabeth Brito, Arizona State 
University 

The Effect of a Community-Based 
Diabetes Prevention Program on 
Weight-Specific Quality of Life in Latino 
Adolescents 


Honorable Mention: Kristin A. Linn, 
North Carolina State University 
Interactive Q-Learning for Dynamic 
Treatment Regimes 


PHYSICAL SCIENCES 

Winner: Philip S. Burnham, Villanova 
University 

Comparative Study of Surfactant- 
Coated Ferromagnetic Nanoparticles for 
Hyperthermia Application 


Honorable Mention: Toni F. Martin, 
George Mason University 

Conversion of Bicarbonate to Carbonate 
as a Function of Time and Temperature 


SOCIAL SCIENCES 

Winner: Meredith T. Niles, University of 
California, Davis 

Climate Change Policy Adaptation 
Among California Farmers: How Policy 
Experience and Attitudes Affect Climate 
Change Perceptions and Behaviors 


Honorable Mention: Rider W. Foley, 
Arizona State University 

Comparing Cultures of Technological 
Innovation: Risk Versus Reward 


The 2014 poster entry site opens on 14 May 2013. 


The AAAS Student Poster Competition is open to students actively working 
toward an undergraduate, graduate, or doctoral degree. Winners receive acash 
award, certificate, and recognition in the journal Science. Individuals holding 
doctoral degrees are invited to participate in the General Poster session. 


